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ABSTRACT 

The b e n e f i t  or cost s a v i n g s  a s s o c i a t e d  w i t h  
a c h i e v i n g  extended d i s c h a r g e  bu rnup  i n  t h e  
l i g h t  w a t e r  reactors e x p e c t e d  t o  o p e r a t e  
be tween now and  t h e  year 2 0 2 0  are est imated.  
The s t u d y  d e t e r m i n e s  t h e  t o t a l  s y s t e m  impac t  
of c o n t i n u e d  DOE s u p p o r t  f o r  e x t e n d e d  burnup 
R&D v e r s u s  no f u r t h e r  DOE s u p p o r t  f o r  e x t e n d e d  
burnup R & D .  
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Executive Summary 

A study has been performed for  the  U. S. Department of Energy ( D O E )  by The 
S. M .  Stoll  e r  Corporat i  on under contract  to Sand i  a Nati onal Laboratories. 
I t  estimates the  benefit  or cost  savings associated with achieving 
extended discharge b u r n u p s  in  the 1 i g h t  water reactors  expected to  operate 
between now a n d  t he  year 2020. 

This study i s  part of an overall cost-benefit  analysis requested by the 
General Accounting Office. I t  determines the to ta l  system impact of con- 
tinued DOE support for extended b u r n u p  R&D versus no fur ther  DOE support 
for  extended b u r n u p  R&D. SMSC estimated the  benefit  for  the  f ront  end of  

the  fuel cycle using the mill/kwh fee as the spent fuel disposal charge. 
SMSC has also estimated the  c red i t  t h a t  m i g h t  apply for  the savings t o  the  
repository operations because of reduced fuel inventories from extended 
b u r n  u p .  

The f r o n t  end of the fuel cycle comprises: the purchase of natural uranium 
concentrate ( U  0 ), chemical conversion t o  uranium hexafluoride (UF6) ,  

enrichment; fabrication of fuel assemblies; operation of the nuclear power 
plant t o  generate e l e c t r i c i t y ,  refueling of the  reactor ,  a n d  

at-reactor-storage of spent fuel .  These operations are a l l  the  respon- 
s i b i l i t y  of the e l e c t r i c  u t i l i t y  u p  t o  the time t h a t  the  spent fuel i s  
shipped from the reactor s i t e .  

3 8  

The backend of the fuel cycle comprises a l l  the operations from the time 
t h e  fuel i s  shipped from the  reactor s i t e  unti l  i t  i s  placed i n  a reposi- 
t o ry  for  permanent disposal or reprocessed. I t  includes: shipment t o  a 
monitored retr ievable  storage (MRS) location ( i f  appl icable) ,  a n d / o r  the  
repository,  storage a t  an MRS, and permanent disposal . These 1 a t t e r  i tems 
are  the respons ib i l i ty  of t he  federal government under t h e  Nuclear Waste 
Policy Act of  1982. 

E -  1 



I n  t h i s  study SMSC has developed the following: 

- A projection of design discharge burnups l i ke ly  t o  be available 
from the fuel fabrication vendors with and without fur ther  DOE 
support for extended b u r n u p  R&D.  

- An estimate of the rate  a t  which u t i l i t i e s  will adopt  these 
burnups was also developed. 

- A set  of model fuel cycles for  annual and eighteen m o n t h  cycles 
w a s  developed for  appropriate comnercial operation dates over 
the time frame u t i l i z ing  burnups consistent with the projections 
men t i  oned a bove . 

- Unit commodity costs f o r  U308, conversion, enrichment, fabrica- 
t ion,  and  spent fuel disposal were developed. 

Using these commodity costs  and the model fuel cycles, fuel cycle costs 
were cal cul ated and  sumned over the total  el ectr ical  generation t h r o u g h  
2020 for  two projections of instal led nuclear capacity developed by the 
Energy Information Administration: the "NO Future Orders" case (NFO) and 
"Middle Growth" case ( M G ) .  These are shown in Table E - 1 .  

DOE has estimated the costs for the research and developnent program t o  
provide new support for extended b u r n u p  as $35( l )  million i n  as-spent 
dol lars .  I n  discounted 1985 dol lars  a t  a continuous discount ra te  of 
7.813 % / j e a r  t h i s  equals $22.3 million. 

Table E-2  shows the time distribution of these expenditures. This e f fo r t  
i s  intended t o  support new R&D projects t o  achieve discharge batch average 
burnups of 45,000 M w D / M t U  for  boiling water reactors (BWRs) and 50,000 
M w D / M U I  for pressurized water reactors (PURs). 
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A benefit  of  $490 million (1985) do l la rs  was found for the case of con- 
tinued support for extended b u r n u p  R&D in the NFO case when only the front  
end components o f  the fuel cycle cost  were considered; t h i s  value increased 
by 9% i n  the middle growth case. The benefit i s  the same when the backend 
i s  included as a m i l l / k w h  fee because t h i s  fee has no impact on backend 
costs  as b u r n u p  i s  increased. 

Estimated savings i n  the no new orders nuclear growth case worth an ad- 
di t ional  $350 million and $240 million t h r o u g h  2020 have been computed. 
These a re  based on an a l ternat ive computation of the fee ref lect ing dif-  
ferent  allowances for  reduced load on the waste system. 

The benefits  calculated for  the d i  f fe ren t  cases are  summarized in Tab1 e 
E-3. These have been combined w i t h  the DOE estimated costs  for R&D t o  
calculate  the benefit-cost r a t i o  of new extended b u r n u p  R&D. The benefit- 
cost  ra t ios  range from 22 t o  44.  Table E-4 summarizes the benefit-cost 
r a t i o  for each case. 
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TABLE E-1 

Growth Projections ( 2 )  
( g i  gawa t t s ) 

Nuclear 

Year 

1985 
1986 
1987 
108P 
1 a89 
1990 
1991 
1992 
1993 
1994 
1995 
1096 
1997 
19923 
1999 
2000 
2001 
2002 
2003 
2 004 
2005 
2 006 
2 007 
2 008 
2009 
2010 
201 1 
2012 
2013 
2014 
2015 
2016 
2017 
2018 
2019 
2020 

- 
No New 
Orders 

81 
88 
98 

104 
106 
107 
108 
108 
109 
109 
109 
109 
109 
109 
109 
108 
108 
108 
108 
108 
108 
108 
108 
108 
108 
106 
108 

99 
91 
74 
62 
60 
56 
53 
49 
49 

M i  ddl  e 

85 
94 

104 
105 
107 
111 
113 
117 
119 
119 
119 
122 
123 
123 
123 
123 
127 
132 
138 
143 
148 
152 
155 
159 
162 
166 
171 
175 
180 
184 
189 
194 
198 
203 
207 
21 2 

E-4 



TABLE E-2 

Projected Research and Development Expenditures for New Extended 
Burnup Projects. 

Year - 

19P7 
1988 
1989 
1990 
la91 
1992 
1993 
1994 

(mi 1 1  ions of dol lars)  
Annual Costs 

Total = 

E-5 

35 
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1.0 Introduction 

In September of  1984 Sandia National Laboratories under con t r ac t  t o  the  
Department of Energy ( D O E )  authorized t h e  S. M .  S t o l l e r  Corporation t o  
perform an ana lys i s  of the  fuel cycle cos t  benef i t s  of continued extension 
i n  discharge b u r n u p s .  SMSC's assignment was t o  develop t h e  parameters f o r  
t he  f r o n t  end of t he  fuel cycle  and compute the  fuel cycle  cos t  savings.  

The SMSC work i s  a n  extension of i t s  s tud ie s  t h a t  had been performed f o r  
t he  E lec t r i  c Power Research I ns t i  t u t e  (EPRI) ( 3 )  . They i nvesti  gate the  
o p t i m u m  fuel cycle cos t  a s  a function of b u r n u p  by using fuel cycle  uni t  
c o s t s  typical  o f  those cu r ren t ly  employed by u t i l i t i e s .  

T h i s  study was performed based on equi l ibr ium fuel cycles  a n d  ou t - in  fuel  
management for PWR's and s ca t t e r - load  f o r  BWR's. The cur ren t  study i s  
extending th i s  work by t r e a t i n g  t h e  t r a n s i t i o n  e f f e c t s  i n  fuel cycle cos t  
a s  extended b u r n u p s  a r e  achieved and a1 so 1 ow 1 eakage fuel management a s  i t  
i s  imp1 emented i n PWR's .  

SMSC has developed a pro jec t ion  of t he  r a t e  o f  adoption of  extended b u r n u p s  
by u t i l i t i e s  under two scenar ios :  

(1) The design b u r n u p  has been projected assuming no fu r the r  DOE 
s u p p o r t  of extended b u r n u p  development programs beyond 
completion of e x i s t i n g  p ro jec t s .  

( 2 )  New DOE s u p p o r t  i s  assumed. 

Fuel cycles c h a r a c t e r i s t i c  of bu rnups  for  b o t h  PWRs a n d  BWRs have been 
developed. Fuel cycle cos t s  as a function of time f o r  the  two b u r n u p  
scenarios  have been computed. These fuel cycle  c o s t s  have been combined 
w i t h  project ions of i n s t a l l e d  nuclear capac i ty  developed by t h e  Energy 
Informati on Admi n i  s t r a t i  on ( E I A )  t o  compute the  n a t i  onwi de cos t  savi ngs  

associ ated w i t h  extended burnups- 

1- 1 



T h i s  r e p o r t  i s  d i v i d e d  as f o l l o w s :  S e c t i o n  Two desc r ibes  t h e  f u e l  c y c l e  

u n i t  c o s t s  employed. S e c t i o n  Three r e p o r t s  on t h e  a n a l y s i s  performed t o  

p r o j e c t  t h e  l e v e l s  o f  extended burnup achieved ove r  t ime. S e c t i o n  Four 

desc r ibes  t h e  f u e l  c y c l e  c o s t  a n a l y s i s  i n  d e t a i l .  S e c t i o n  F i v e  p resen ts  

t h e  conc lus ions  o f  t h e  study. 

Three appendices a r e  i nco rpo ra ted .  The f i r s t  appendix descr ibes t h e  

f o r m u l a t i o n  o f  t h e  t h r e e  charges f o r  spent  f u e l  d i sposa l  used i n  t h i s  

study. The second desc r ibes  t h e  impact o f  extended burnup on f u e l  assembly 

s t r u c t u r a l  components t o  assess whether t h e r e  i s  a f u e l  h a n d l i n g  problem a t  

extended burnup. I t concludes t h a t  based on c u r r e n t l y  a v a i l a b l e  data t h e r e  

should n o t  be. The t h i r d  appendix desc r ibes  t h e  f u e l  c y c l e  c o s t  

c a l c u l a t i o n  methodology. 
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2.0 U n i t  Cost Projections 

The u n i t  cost  projections developed for  the EPRI study(3) have been extend- 
ed t o  the year 2020. Those projections were developed by surveying 15 EPRI 
member u t i l i t i e s  for current unit  costs and general in f la t ion  groundrules. 
Nine u t i l i t i e s  provided current dol lar  price projections for 1983 t o  1995. 
They included a projection of the anticipated general in f la t ion  rate  for 
the same period. 

The u n i t  price projections were then reduced by def la t ing each u t i l i t y ' s  
current dol lar  projection (using t h a t  u t i l i t y ' s  general in f la t ion  projec- 
t i o n )  t o  obtain a price projection for 1984 t o  1995, i n  mid-1984 dol la rs .  
The constant dol lar  price projections t h r o u g h  1995 were developed by aver- 
a g i n g  the individual u t i l i t y  constant dol lar  values for each year. Projec- 
t ions beyond 1995 were established by extending the 1995 values. 

Estimates were a1 so developed for  the fabrication price adders appropriate 
for  extended b u r n u p  designs. These were developed on the basis of :  

(1) our  insight i n t o  the fabrication market; 

( 2 )  the u t i l i t y  surveys from the EPRI study; and  

( 3 )  SVSC analysis of the costs  of fabricating nuclear fuel.  

The base designs (current technology) a re  intended for  service with design 
discharge exposures in the mid 30 PwD/kgU range f o r  BWRs and in the h i g h  
30's and  low 4 0 ' s  for  PWRs. 

Also considered were possible price adders for design modifications re- 
quired t o  go beyond t h i s  range. These include barr ier  fue l ,  new types o f  
burnable absorbers, and  increased plenum volume t h a t  r e f l ec t  possible 
changes required fo r  extended b u r n u p  designs. A 15% increase for  BWR fuel 
fabrication cost  covered th i s .  

2-1 



Furthermore, bo th  t h e  PWR and BWR f a b r i c a t i o n  p r i c e s  were i nc reased  by one 

h a l f  t h e  p r o p o r t i o n a t e  i nc rease  i n  burnup. T h i s  r e f l e c t e d  t h e  decrease i n  
vendors '  shop l o a d  ( i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  burnup). It was reduced 

t o  r e f l e c t  c o m p e t i t i v e  pressures.  

On t h e  o t h e r  hand, these  p r o j e c t i o n s  o f  f a b r i c a t i o n  p r i c e  adders may be 

c o n s e r v a t i v e l y  h i g h  as t h e  d im in i shed  demand f o r  f a b r i c a t i o n  assoc ia ted  

w i t h  extended burnup may reduce t h e  vendors '  shop load. These are,  o r  may 
be, over1 oaded. 

These p r i c e  p r o j e c t i o n  a r e  conserva t i ve  i n  another  regard.  Extended burn- 

up decreases U308 requi rements i n  t h e  f u t u r e .  T h i s  can have a depress ing 

e f f e c t  on p r i c e s .  ( F i g u r e  2 -1  shows a graph o f  cumu la t i ve  demand versus 

marg ina l  sa les  p r i c e . )  S ince w i t h  extended burnup t h e r e  i s  l e s s  cumu la t i ve  

demand t h e  marg ina l  sa les p r i c e  i s  lower.  I f  supply  and demand were equal 

U308 p r i c e s  would be l o w e r  than  w i t h o u t  extended burnup. 

Two o t h e r  fo rmu la t i ons  f o r  waste systems c o s t  savings assoc ia ted  w i t h  

extended burnup were used. The f i r s t  i s  based s o l e l y  on t h e  t o t a l  spent 

f u e l  mass generated a t  a p l a n t ;  t h e  second assumes t h e  charge t o  be a 

f u n c t i o n  o f  t h e  hea t  con ten t  (burnup) and weight  o f  generated spent  f u e l .  

These f o r m u l a t i o n s  were normal ized so t h a t  t hey  gave t h e  same t o t a l  charge 

as t h e  m i l l / k w h r  f e e  i n  t h e  case o f  a PWR d i s c h a r g i n g  f u e l  a t  a burnup o f  33 

MwDlkglI. The s p l i t  i n  t h e  combined charge ($125/kgU and $3.78/MWD) was 

based on a 50/50 p r o p o r t i o n  o f  t h e  waste system c o s t s  t h a t  were volume 

dependent and energy (burnup) dependent. Whi 1 e t h i  s i s  simp1 i f i e d ,  i t  

r e p r e s e n t s  an approx ima t ion  f o r  t h e  c u r r e n t  d i sposa l  designs. (The de- 

velopment o f  these fee f o r m u l a t i o n s  i s  descr ibed i n  Appendix One.) 

The computed sav ings a r e  s imp ly  t h e  d i f f e r e n c e  between t h e  back-end charge 

u s i n g  t h e  m i l l / k w h  fee and t h e  back-end charge computed w i t h  e i t h e r  o f  t h e  

two formul a t  i ons d e s c r i  bed above. 
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Table 2-1 shows t h e  u n i t  c o s t s  developed f o r  t h i s  s tudy and documents t h e  

assumptions used. These c o s t s  a r e  i n  c o n s t a n t  1/1/1985 d o l l a r s .  A s  

discussed i n  S e c t i o n  4.0, a l l  t h e  computat ions have been done i n  c o n s t a n t  

1/1/1985 d o l l a r s ,  d i scoun ted  t o  r e f l e c t  t h e  u t i l i t i e s '  money c o s t s .  

These u n i t  c o s t  p r o j e c t i o n s  r e f l e c t  t h e  average c o s t s  exper ienced by U.S. 
u t i l i t i e s .  C l e a r l y  f rom t h e  da ta  i n  r e f e r e n c e  3, t h e r e  i s  a range o f  c o s t s  

exper ienced and a range o f  f u t u r e  cos ts .  

Based on o u r  own analyses we f i n d  t h a t  these average c o s t s  a r e  c o n s i s t e n t  

w i t h  t h e  va lues we a t  SVSC develop th rough  independent es t ima tes .  There- 

f o r e ,  t h e  f u e l  c y c l e  c o s t s  based on these  p r o j e c t i o n s  a r e  reasonable ones 

f o r  pe r fo rm ing  b e n e f i t - c o s t  analyses. 
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FIGURE 2-1 

Conceptual Re1 a t i o n s h i p  Between 

Marg ina l  P r i c e  and Cumul a t i  ve Demand 

Cumul a t i v e  U3O8 Demand 
c. 1993 Wi thout  F u r t h e r  
Extended Burnup R&D 

Cumulat ive U3O& Demand 
c. 1993 Wi th  F u r t h e r  
Extended Burnup R&D 

P r i c e  Increment  1 

Cumulat ive Demand 
(MtU)  
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3.0 P r o j e c t i o n s  of Extended Burnup 

3.1 P o t e n t i a l  Techn ica l  Lirni t a t i o n s  t o  Extended Burnup 

SPSC had t o  develop es t ima tes  o f  d i scha rge  burnups th rough  the  year  2020, 
based on i t s  b e s t  judgment. SVSC reviewed, updated, and eva lua ted  i t s  da ta  

base i n  t h e  f o l l o w i n g  areas:  

- Extended burnup l e v e l s  achieved and exper ience w i t h  l e a d  t e s t  
assembl ies ( L T A s )  and r e l o a d  batches o f  f u e l .  

- P r o j e c t i o n  o f  extended burnup exper ience expected. 

- Cur ren t  and expected commercial f u e l  w a r r a n t i e s  f o r  extended 
burnup. 

- P o t e n t i a l  t e c h n i c a l  l i m i t s  t o  extended burnup, i n c l u d i n g  para-  
meters r e l a t e d  t o  thermal-mechanical  design, n u c l e a r  design, and 
f u e l  s torage.  

- C u r r e n t  and p o t e n t i a l  l i c e n s i n g  i ssues  r e l a t e d  t o  extended 
burnup. 

The da ta  o f  f i v e  vendors were i nc luded :  Combustion Eng ineer ing  (PWR), 

Westinghouse (PWR), Exxon Nuclear  (PWR and BWR), Babcock & Wi lcox (PWR) and 

General E l e c t r i c  (PVR) .  Exper ience i n  Europe was a l s o  considered. 

To reach h i g h e r  d i scha rge  burnup l e v e l s ,  f u e l  assembl ies w i l l  have t o  meet 

i n c r e a s i n g l y  severe thermal-mechanical  performance requi rements.  T h i s  i s  

due t o  h i g h e r  f u e l  burnup, h i g h e r  neu t ron  exposure o f  s t r u c t u r a l  com- 

ponents, and l o n g e r  exposure t i m e  o f  t h e  assembly t o  t h e  c o o l a n t  

temperatures and chemical  environment. These requi rements w i l l  have t o  be 
met by changes i n  t h e  des ign  and f a b r i c a t i o n  methods. 

The a f f e c t e d  parameters a r e  1 i s t e d  below i n  app rox ima te l y  decreas ing o r d e r  

o f  importance: 
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- -  ?i  rcal oy growth 
-- Zircaloy corrosion 
- -  Internal rod pressure 

The items above are  more sensi t ive t o  extended b u r n u p ;  they a re  predicted 
to  increase a t  l e a s t  l inear ly  with increased b u r n u p .  The items below are  
l e s s  sensi t ive to  extended b u r n u p ;  they a re  predicted t o  increase a t  a 
lower ra te  t h a n  the b u r n u p .  

-- 
- -  Effect of stress-corrosion assis ted and mechanical pel l e t  clad 

Effect o f  radiation on properties 

interactions (pc i - s )  

- -  Spacer spring relaxation 

Extended b u r n u p  a lso requires higher reload enrichments and excess react i -  
vi ty  a t  the beginning of cycle. This tends to  complicate the cycle design, 
increase power peaking a n d  potentially reduce margins. 

SVSC reviewed the potential technical l imitations to  extended b u r n u p .  To 

date the only generic cause for  a l i m i t  has been the d i f f e ren t i a l  growth  of 
Zircaloy. The reasons for  under-predicting the l imits  due t o  Zircaloy 
growth  have been the wide s t a t i s t i c a l  spread of the d a t a ,  l o t  to  l o t  
va r i ab i l i t y ,  and other variables. 

The l imi t s  can be raised s ignif icant ly  by modifying the mechanical design 
o f  the assembly a n d  the fuel rod. This has been accomplished or i s  i n  
process a t  most vendors. 

Other potential l imits  t o  b u r n u p  a re  believed to  be: 
- Z i  rcal oy corrosion 
- Internal rod pressure 
- 
- Pellet-clad interactions 

Effect of radiation on 7ircaloy properties 
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- Spacer s p r i n g  r e l a x a t i o n  

- Nuclear  peaking ( the rma l  marg ins)  

- Source term 

The r e v i e w  i n d i c a t e s  t h a t  exper ience has n o t  y e t  reached these l i m i t s  f rom 

burnup alone. (Fo r  example, c o r r o s i o n  1 i m i t s  have been reached due t o  poor 

wa te r  chemist ry ,  marg ina l  7 i r c a l o y  q u a l i t y  - and burnup; however, t h i s  i s  

n o t  cons idered by SMSC as a t r u e  burnup l i m i t . )  Never the less,  these a r e  
s t i l l  t h e  l i k e l y  l i m i t s  a t  t u rnups  h i g h e r  than  achieved t o  date.  The 

a c t u a l  c o n d i t i o n s  and burnup l e v e l s  a t  which these parameters may become 

l i m i t i n g  a r e  d i f f i c u l t  t o  p r e d i c t  and must be e s t a b l i s h e d  by m o n i t o r i n g  o f  

extended burnup f u e l .  

Regarding t h e  n u c l e a r  design, t r a n s i t i o n  c y c l e s  f rom lower  t o  h i g h e r  d i s -  

charge exposure p resen t  t h e  most d i f f i c u l t y  i n  d e s i g n i n g  t o  meet peaking 

l i m i t s .  On t h e  average, d u r i n g  a c y c l e  t h e r e  w i l l  be a marg in r e d u c t i o n  t o  

t h e  d e s i  gn 1 i m i  t ( s )  w i t h  extended burnup o p e r a t i o n .  T h i s  p o s s i b l y  c o u l d  

produce a l o s s  i n  c a p a c i t y  f a c t o r .  

Opera t i on  t o  burnups beyond those which w i l l  a l l o w  meet ing c u r r e n t  des ign  

l i m i t s  can be accomplished by enhancing t h e  des ign and/or o p e r a t i n g  

l i m i t s .  Y a r g i n  recove ry  techniques and/or f u e l  des ign m o d i f i c a t i o n s  would 

be r e q u i r e d  f o r  such enhancement. 

A summary o f  t h e  r e l a t i o n s h i p  o f  t h e  l i m i t s  t o  c u r r e n t  exper ience i s  g i ven  

i n  Table 3-1 f o r  BWRs and Table 3-2 f o r  PWRs. Design p r e d i c t i o n s  a r e  g i ven  

i n  parentheses. Except f o r  Z i r c a l o y  growth, good exper ience e x i s t s  f o r  

most performance parameters w i t h  l e a d  t e s t  assembl i e s  t o  e q u i v a l e n t  ba tch  

average exposures o f  34 PwD/kgU f o r  BWP f u e l ,  and 47 PwD/kgU f o r  PWR f u e l .  
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3.2 Extended Burnup Experience and Projection 

3.2.1 I n t r o d u c t i o n  

Exper ience w i t h  extended burnup f u e l  i n  t h e  U.S .  i s  be ing  developed bo th  i n  

i n d i v i d u a l  u t i l i t y  sponsored e f f o r t s  and i n  programs a t  severa l  u t i l i t i e s  

supported by t h e  U.S. Department o f  Energy, E l e c t r i c  Power Research 

I n s t i t u t e  (EPRI), and Empire S t a t e  E l e c t r i c  Energy Research Company 

(ESEERCP). 

For non-U.S. vendors, many programs have been conducted i n d i v i d u a l l y  be- 

tween t h e  vendor and a u t i l i t y .  

3.2.2 Extended Rurnup Exper ience i n  t h e  U.S. 

The burnup exper ience i n f o r m a t i o n  a v a i l a b l e  f rom a l l  t h e  U.S.  f u e l  vendors 

f o r  product  l i n e  f u e l  was reviewed and c o n s o l i d a t e d  t o  p resen t  an overv iew 

o f  t h e  s i t u a t i o n .  These vendors are:  

PWR 

Babcock and Wi lcox (B&b!)* 
Combustion Eng ineer ing  (CE) 

Exxon Nuclear  ( ENC) 

Westinghouse (W) - 

BWR 

Exxon r!ucl e a r  ( ENC) 

General E l e c t r i c  (GE) 

- 

~ ~~ 

* The PRV da ta  base does n o t  i n c l u d e  f u e l  f a b r i c a t e d  under B&W l i c e n s e  
f o r  - W l i c e n s e d  PWRs o p e r a t i n g  i n  Japan. 
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The exper ience base i s  dominated b y  - W f o r  t h e  PWR and GE f o r  t h e  BWR: - W has 

f a b r i c a t e d  45-50? o f  t h e  PkrR rods  made by  U.S. vendors which have been o r  

a r e  be ing  i r r a d i a t e d ;  General E l e c t r i c  has f a b r i c a t e d  about  90-95% o f  t h e  

i r r a d i a t e d  BWR rods  made by  U.S. vendors. 

F igu re  3-1  and Tables 3-4, 3-5, and 3-6 summarize t h e  composite informa- 
t i o n .  F igu re  3-1 shows thousands o f  i r r a d i a t e d  PWR f u e l  rods  f a b r i c a t e d  by 

U.S.  vendors vs. burnup. I n  t o t a l ,  about  5.7 m i l l i o n  PWR f u e l  rods  o r  
about  2P,OOC assembl ies have been o r  a r e  under i r r a d i a t i o n .  About 2.4% o f  

these rods  o r  rough ly  075 assembl ies s u c c e s s f u l l y  have achieved extended 

burnup exposures, beyond 36  MwD/kgU. 

Tab le  3-4 summarizes U.S. BWP vendor exper ience w i t h  p roduc t  l i n e  f u e l s .  

About 2.25 m i l l i o n  BWR f u e l  rods  o r  r o u g h l y  36,000 assembl ies have been o r  
a r e  under  i r r a d i a t i o n .  A smal l  f r a c t i o n  o f  these, p robab ly  about  1-2 

percent ,  has achieved extended burnups i n  t h e  30-46 MwD/kgU range. Tab le  

3-5 summarizes t h e  PWP da ta  f rom f i g u r e  4-1 i n  t h e  same fo rmat  as Tab le  3-4 

f o r  t h e  BWR's. 

Tab le  3-6 presen ts  t h e  maximum l e a d  t e s t  assembly burnups o f  U.S. vendor 

p roduc t  l i n e  f u e l s .  Lead burnups f o r  PWR assembl ies range up t o  5 5  GWD/MTU 
and f o r  FGJP assembl ies up t o  4 6  PwD/kgU. 

3.2.3 P r o j e c t i o n s  o f  Extended Burnup 

Us ing  t h e  i n f o r m a t i o n  presented  i n  t h e  preced ing  s e c t i o n s  we developed an 

e s t i m a t e  f o r  t h e  average d i scha rge  burnups f rom U.S. LWR's f rom 1984-2020. 

The va lues  were developed i n  two s teps.  

1 .  Judgments were made about  when s u f f i c i e n t  i n f o r m a t i o n  on f u e l  
performance m i g h t  be a v a i l a b l e  t o  a l l o w  f u e l  s u p p l i e r s  t o  des ign  
and war ran t  f u e l  assembl ies o f  i n c r e a s i n g l y  h i g h e r  burnups. 
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These va lues a re  shown under t h e  headings f o r  PWR and BWR 
"maximum ba tch  MwD/kgU t h a t  m igh t  p r u d e n t l y  be expected f rom 
f u e l  loaded i n  yea r "  o f  Table 3-3. 

2. A d d i t i o n a l  judgments were made about t h e  r a t e  a t  which u t i l i t i e s  
m igh t  e l e c t  t o  use these extended burnup f u e l  assemblies. These 
va lues a r e  g i ven  under t h e  headings "average u t i l i t y  s e l e c t i o n "  
i n  Table 3-3. 

Two p o s s i b i l i t i e s  were considered f o r  a c h i e v i n g  extended burnups: 

1. 
2. A f u l l  program o f  support .  

No new DOE suppor t  f o r  R&D. 

The es t ima ted  burnup va lues i n  e i t h e r  case a r e  shown on t h e  two s ides  o f  

t h e  "s lashes"  i n  Table 3-3, one column f o r  PWR and t h e  o t h e r  f o r  BWR. 

The judgments as t o  when s u f f i c i e n t  i n f o r m a t i o n  would be a v a i l a b l e  t o  a l l o w  

vendors t o  des ign  and war ran t  f u e l  assembl ies o f  i n c r e a s i n g l y  h i g h e r  burn-  

ups were based on: 

1. The s t a t u s  and burnups achieved i n  c u r r e n t  l e a d  t e s t  assembly 
and extended burnup programs 

2. The l e n g t h  o f  t ime  i t  would take  t o  develop s i m i l a r  i n f o r m a t i o n  
a t  h i g h e r  burnups. 

For  i n s t a n c e  t o  achieve burnups o f  50 t o  60 MwD/kgU i n  a PWR r e q u i r e s  f i v e  

t o  s i x  years,  r e s p e c t i v e l y ,  o f  ope ra t i on .  It was assumed t h a t  these p ro -  

grams would be i n i t i a t e d  and conducted more e f f i c i e n t l y  w i t h  cont inued R&D 

suppor t .  

I n  develop ing these numbers we have considered: 

1. The da ta  on c u r r e n t  f u e l  exper ience d iscussed i n  t h i s  r e p o r t .  We 
gave s i g n i f i c a n t  we igh t  t o  t h e  good exper ience t h a t  has been 
accumulated w i t h  l e a d  t e s t  assemblies. 
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2. Several PWR vendors have current design burnup  goals i n  the 
45-48 MwD/kgU range. 

3. Some BWR manufacturers a re  currently prepared t o  warrant t h e i r  
advanced fuel under some circumstances to  36 MwD/kgU. 
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TABLE 3-1 
SUFrMARY OF POTENTIAL LIMITATIONS - BURS 

Pa rame t e r  

Z i r c a l o y  Growth 

Z i  r c a l  oy  
C o r r o s i o n  

Purnup Exper ience (FnwD/kgU) - Rod Assembly Equiv. Ba tch  

34 28.5 

45 34 

I n t e r n a l  Fuel  45 
Rod Pressure  

P C I  - Ramp 
Tes ts  

I i r c a l  o y  
P r o p e r t i e s  

S p r i n g  
Re1 axa t i o n  

Nuc lea r  
Pea k i n g  

Source Term 

33 

24 

42 

45 

18 

32 

3% 

32 

(334 1 

Remarks 

L i m i t  f o r  GE6 .des ign  

No l i m i t  a t  t h i s  l e v e l .  SMSC 
es t ima tes  45 ba tch  average 
may be ach ievab le .  

Heat t r e a t e d  c l a d  i s  expec ted  
t o  have h i g h e r  l i m i t s .  

Data on unpressu r i zed  f u e l  
GE (des ign )  i s  h ighe r .  The 
l i m i t  i s  unknown. 

Unpressur ized  s tandard  f u e l .  
Poor pe r  forma nce a t  s tandard  
PC IOMRs. 

Unpressur ized  and Pressu r i zed  
Z r  b a r r i e r  f u e l  - Good p e r f o r -  
mance has been exper ienced. 

(Des ign) .  Performance o f  ad- 
vanced BWR f u e l s  expected t o  
be good. H igh  burnup ach iev -  
a b l e  w i t h  o p e r a t i n g  r e s t r i c -  
t i o n s  i f  t h a t  becomes necessary. 

No l i m i t  a t  t h i s  l e v e l .  
SMSC es t ima tes  h i g h e r  l e v e l s  
ach ievab le ,  b u t  a r e  dependent 
on r a t e  o f  f u r t h e r  d u c t i l i t y  
l o s s  w i t h  burnup. 

Incone l  s p r i n g  r e l a x a t i o n  i s  
s a t u r a t e d  and s a t i s f a c t o r y .  
No l i m i t  reached. 

(Des igns)  by  vendors appear 
s a t i s f a c t o r y .  Thermal l i m i t s  
may have t o  be r a i s e d  (use o f  
b a r r i e r  f u e l  i s  r e q u i r e d  t o  
ach ieve  t h i s )  

No g e n e r i c  l i m i t s  a t  c u r r e n t  
burnup l e v e l s ,  and none 
expected a t  extended burnups. 

*The va lues  i n  parentheses and t h e  word (Des ign)  r e f e r  t o  t h e  c a p a b i l i t i e s  o f  new o r  
improved d e s i  ns c u r r e n t l y  be ing  o f f e r e d  by  t i l e  vendors. S ince  t h e  a c t u a l  va lues  a r e  
p r o p r i e t a r y  t !! ey a r e  i n d i c a t e d  as  b e i n g  2 t h e  c u r r e n t  exper ience  l e v e l s .  
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Parameter 

Z i r c a l o y  Growth 
35x15, 

14x14, CE 

17x17, - W 

16x16, CE 

Z i r c a l o y  
C o r r o s i o n  

TABLE 3-2 

SUMMARY OF POTENTIAL LIMITATIONS - PYRS 

Burnup Exper ience (PwD/ kgU) 
Rod Assembly Equ iv .  Ba tch  

I n t e r n a l  Rod. 50 
Pressure  

P C I  - Ramp 4 3  
T e s t s  

Z i r c a l  oy  
P r o p e r t i e s  

55 47 
( >47 

55 52 45 

45 37 

59 

E5 

S p r i n g  Re1 a x a t i o n  5 5  
I ncone l  
li r c a l  oy  55 

Nuc lea r  
Peak ing  

Source Term 

28 
(238 1 

49 

42 

35 

47 

47 

45 

. 4 0  
(45) 

Remarks 

One r o d  reached l i m i t .  SMSC 
e s t i m a t e d  (Des ign)  l i m i t  f o r  
new des igns .  

Considered reasonab le  l i m i t .  

C u r r e n t  l i m i t  o f  exper ience.  
Performance i s  ok.  Es t ima ted  
t o  be as good as 15x15. 

L i m i t  reached p rematu re l y .  
(Des ign)  i s under  development. 

No l i m i t  a t  t h i s  l e v e l .  SMSC 
e s t i m a t e s  58 b a t c h  average 
may be a c h i e v a b l e  w i t h o u t  h e a t  
t r e a t e d  c l a d  f o r  s tandard  
tempera ture  p l a n t s .  

No l i m i t  a t  t h i s  l e v e l .  SMSC 
e s t i m a t e s  58 b a t c h  average may 
be ach ievab le .  

G e n e r a l l y  good performance. 
H igh  burnup a c h i e v a b l e  w i t h  
o p e r a t i n g  r e s t r i c t i o n s ,  i f  
t h a t  becomes necessary.  

No l i m i t  a t  t h i s  l e v e l .  SMSC 
e s t i m a t e s  h i g h e r  1 eve1 s 
a c h i e v a b l e  dependent on r a t e  
o f  f u r t h e r  d u c t i  1 i t y  l o s s  
w i t h  burnup. 

R e l a x a t i o n  s a t u r a t e d  and 
s a t  i s f ac t o  ry . 
S a t i s f a c t o r y  performance, b u t  
a lmos t  no q u a n t i t a t i v e  da ta .  
D i f f i c u l t  t o  e s t i m a t e  
a d d i t i o n a l  p o t e n t i a l .  

No l i m i t  reached. 
(Des ign)  s a t i s f a c t o r y .  

No g e n e r i c  l i m i t s  a t  c u r r e n t  
burnup l e v e l s ,  and none 
expec ted  a t  extended burnup. 

*The va lues  i n  parentheses  and t h e  word (Des ign)  r e f e r  t o  t h e  c a p a b i l i t i e s  o f  new o r  
improved des igns  c u r r e n t l y  b e i n g  o f f e r e d  by  t h e  vendors. S ince  t h e  a c t u a l  va lues  a r e  
p r o p r i e t a r y  t h e y  a r e  i n d i c a t e d  as b e i n g  - > t h e  c u r r e n t  exper ience  l e v e l s .  
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TABLE 3-4 

U.S. BUR VENDOR EXPERIENCE-PRODUCT LINE FUELS 

No. o f  Fuel Rods Irradiated 

Highest Reload Batch Average 
Burnup, MwD/kgU 

Highest Bund1 e Average 
Burnup, MwD/kgU 

2,229,000 

31.1 

45.8 
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T A B L E  3-5 

U.S. PWR VENDOR EXPERIENCE-PRODUCT L INE FUELS 

No. o f  Fuel Rods Irradiated 

Highest Reload Batch Average 
Burnup, PwD/kgU 

Highest Bundle Average 
Burnup, Pw@/kgU 

5,700,000 

4 0 ( ~ )  

55 
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TABLE 3-6 

MAXIPUP LEAD TEST ASSEMBLY FURNUPS OF U.S. VENDOR PRODUCT L I N E  FUELS 

RFATTPP TYPE 

PWP 

BWR 

NO. OF ASSEPELIES 
I N  EXTENDED BURNUP 

RANGE 

11 

1 4  

RANGE, PwD/kgU 

42.5 - 54.8 

35 - 45.8 
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4.0 Analysis o f  Fuel Cycle Cost Benef i t  fo r  Extended Burnup 

4.1 Introduction 

The component o f  f u e l  c y c l e  c o s t  due t o  "Front-End" expenses has been 

computed i n  p a i r s  f o r  each o f  t h e  i n d i v i d u a l  l i f e  c y c l e s  desc r ibed  i n  

S e c t i o n  a.3.1 below. A p a i r  c o n s i s t s  o f  one l i f e  c y c l e  assuming no new R&D 
and another  l i f e  c y c l e  assuming new R&D. A l l  o t h e r  assumptions remain t h e  

same. The d i f f e r e n c e  between t h e  f u e l  c y c l e  c o s t s  o f  t h e  components o f  a 
p a i r  measures t h e  expected b e n e f i t  due t o  new R&D. 

These d i f f e r e n t i a l  f u e l  c y c l e  c o s t s  were then  used w i t h  t h e  Nuclear  Power 

Growth p r o j e c t i o n s  s u p p l i e d  by  E I A .  T h i s  determined t h e  t o t a l  "Front-End" 

b e n e f i t  due t o  con t inued  R&D f o r  t h e  USA th rough  2020. 

I n  a d d i t i o n ,  we examined t h e  impact  o f  go ing t o  h i g h e r  burnups on t h e  "Back 

End" cos ts .  G!e used t h e  c u r r e n t  m i l l / k w h r  p r e s c r i p t i o n  and two 

h y p o t h e t i c a l  c a l c u l a t i o n a l  approaches f o r  t h e  p o s s i b l e  sav ings as 

d e s c r i b e d  i n  S e c t i o n  2.@ and Appendix 1. 

?he f o l l o w i n g  d e s c r i p t i o n  o f  t h e  a n a l y s i s  t r e a t s  each o f  t h e  many v a r i a b l e s  

a f f e c t i n g  f r o n t - e n d  and back-end c o s t s  independent ly .  

4.2 Def in i t ion  o f  Fuel Cycle Costs 

I n  t h i s  study, t h e  c o s t  a s s o c i a t e d  w i t h  t h e  supp ly  o f  f r e s h  f u e l  (Front -end 
Fuel Cyc le Costs)  and t h e  d i s p o s a l  o f  spent  f u e l  (Back-End Fuel Cyc le 

Costs)  i s  d e f i n e d  as: 

- The Present Worth o v e r  t h e  p e r i o d  1/1/85-12/31/2C20 o f  a l l  t h e  
revenues needed t o  recove r  t h e  r e q u i r e d  investments and t o  pay 
t h e  money c o s t s  ( i n c l u d i n g  income t a x e s )  on unrecovered i n v e s t -  
ments. 
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Each ba tch  i s  t r e a t e d  as a separate investment.  I t s  r e q u i r e d  revenue i s  

assumed t o  be c o n t i n u o u s l y  c o l l e c t e d  a t  a cons tan t  r a t e  d u r i n g  t h e  t i m e  i t  

i s  expected t o  be i n -co re .  

T h i s  u n i f o r m  stream o f  payments i s  c o n t i n u o u s l y  d i scoun ted  t o  1/1/85 a t  a 
c o n t i n u o u s l y  compounded r a t e .  The r e s u l t  i s  t h e  p resen t  wor th  o f  f u t u r e  

revenue requi rements (PWFRR) f o r  e i t h e r  t h e  Front-End o r  t h e  Back-end f o r  

t h a t  batch. 

The sum o f  t h e  p resen t  worths f o r  a l l  batches i s  t h e  "Fuel Cycle Cost." 

See Appendix 3 f o r  d e t a i l s .  

Any revenues r e q u i r e d  t o  be p a i d  b e f o r e  1/1/85 o r  a f t e r  12/31/2020 a r e  

ignored.  A l l  p l a n t s  a r e  assumed t o  have o p e r a t i n g  l i f e t i m e s  o f  30 years.  

Those now o p e r a t i n g  which s t a r t e d  up b e f o r e  1380 a r e  assumed t o  con t inue  

o p e r a t i n g  u n t i l  1/1/2010. 

4.3 Fuel Cycle Costs 

4.3.1 Reactors and Fuel Designs T rea ted  

L i f e t i m e  f u e l  c y c l e s  f o r  a Reference BWR and a Reference PWR were developed 

f o r  t h i s  study. The p e r t i n e n t  c h a r a c t e r i s t i c s  o f  each o f  these r e a c t o r s  i s  

g i v e n  i n  Table 4-1. 

For  each r e a c t o r ,  1 6  d i f f e r e n t  l i f e  h i s t o r i e s  were developed i n  accordance 

w i t h  t h e  parameters shown i n  Table 4-2. A f u l l  l i f e t i m e  h i s t o r y  was 

developed t o  a v o i d  t h e  usual  p r a c t i c e  o f  comparing o n l y  t h e  e q u i l i b r i u m  

b e n e f i t s  o f  h i g h e r  d i scha rge  burnups. E f f e c t s  due t o  t h e  t r a n s i t i o n  from 
one t a r g e t  burnup t o  ano the r  ove r  successive o p e r a t i n g  c y c l e s  have an 

i m p o r t a n t  impact on t h e  n e t  b e n e f i t s  t o  be expected f rom extended burnups. 
These a r e  i n c l u d e d  i n  t h i s  a n a l y s i s .  

Regarding t h e  va lues s e l e c t e d  f o r  Table 4-1 ,  t h e y  a r e  meant t o  rep resen t  
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typical values for U.S.  reactors  of  each type, normalized t o  a net o u t p u t  
of 1068 MWe. The BWR uses 8x8 fuel assemblies with 2 water rods a n d  
gadol inium burnable absorber. Natural u r a n i u m  "blankets" a t  each end are  
included. This i s  current practice,  as i t  i s  for most BWR's t o  plan for a 
"coastdown" a t  the end-of-cycle; some go for more t h a n  the 50 
Full -Power-Days ( FPD' S )  a1 1 owed here. 

The PWR fuel uses a n  "optimized" 17x17 array a n d  an  advanced annular 
burnable absorber design. The PWR fuel in-core loading pattern i s  placed 
t o  reduce the normal o u t  of core leakage (low-leakage fuel management, 
LLFP). One objective of  t h i s  study i s  t o  determine how the advantage for 
higher b u r n u p s  found in a previous study(3) i s  affected when an out-in fuel 
management strategy i s  replaced by LLFM. 

Regarding the parameters selected in Table 4-2,  Parameter 1 was used be- 
cause we are  seeking the benefit t h a t  may accrue nationally from b u r n u p  
extension. We need t o  include estimates for operating reactors,  those in 
the construction pipe-line, a n d  those yet to be bui l t .  

Parameter 2 was introduced because reactors operate on various cycle 
lengths, each one trying t o  optimize within the i r  own constraints.  Longer 
cycle lengths lead t o  higher nuclear fuel costs.  Despite t h i s ,  many u t i l i -  
t i e s  use longer cycles because they believe the cost  savings from reducing 
the refuel i n g  outages and the possibil i t y  of higher overall capacity more 
t h a n  compensates. This i s  par t icular ly  t rue since there i s  a synergism 
between higher fuel discharge b u r n u p  a n d  longer operating cycle length 
t h a t  reduces the fuel cycle penalty associated with going t o  longer cycles. 

I n  our  analysis we have assumed t h a t  a reactor i s  e i ther  on a 1 2  m o n t h  or on 
an 18 m o n t h  cycle a n d  t h a t  any reactor operating on a cycle of intermediate 
length can be adequately represented by a mixture o f  the other two. I t  i s  
possible t h a t  many BWR's will go t o  24 m o n t h  cycles ( there  are a few 
already).  In t h i s  case our estimate for the benefits of higher b u r n u p  may 
be on the low side. 
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Parameter 3 d e a l s  w i t h  t h e  h e a r t  o f  t h e  study. Each schedule c o n s i s t s  o f  

t a r g e t  burnups d e f i n e d  as a f u n c t i o n  o f  t ime. We assume t h a t  t h e  t a r g e t  
burnups f o r  any f u e l  a f u e l  manufacturer  w i l l  d e l i v e r  i n  t h e  f o l l o w i n g  yea r  

would be s e t  on t h i s  bas is .  The r a t i o n a l e  f o r  these burnups i s  g i v e n  i n  
S e c t i o n  ?. 

Represen ta t i ve  f u e l  c y c l e  h i s t o r i e s  a r e  g i ven  i n  Tables 4-3a t o  4-3f .  

These h i s t o r i e s  were developed u s i n g  t h e  SMSC r e a c t i v i t y  program PLACEM. 

T h i s  program employs a n a l y t i c a l  f i t s  t o  inverse-kaD da ta  generated as CASMO 

o u t p u t s  f o r  a range o f  charge enr ichments,  burnups and f u e l  types.  These 

f i t s  c h a r a c t e r i z e  t h e  r e a c t i v i t y  s t a t e  o f  a f u e l  batch. 

The r e a c t i v i t y  s t a t e  o f  t h e  c o r e  i s  found by mass-weight ing t h e  batch 

r e a c t i v i t i e s .  The end o f  an o p e r a t i n g  c y c l e  occurs when t h i s  co re  r e a c t i v i -  

t y  equa ls  an end-of -cyc le  r e a c t i v i t y  based on f i t s  t o  i n t e g r a l  data a v a i l -  

a b l e  t o  SVSC. 

4.3.2. E q u i l i b r i u m  Fuel Cyc le Costs 

Be fo re  c a l c u l a t i n g  o v e r a l l  general  ben f i t s ,  t h e  f r o n t -  d f u e l  y c l  e 

c o s t s  as a f u n c t i o n  o f  burnup f o r  t h e  r e f e r e n c e  r e a c t o r s  i n  Tab le  4-1 were 

c a l c u l a t e d  f o r  t h e  e q u i l i b r i u m  s t a t e .  T h i s  was t o  see whether an optimum 

burnup e x i s t s ,  a l s o  whether t h e  burnup schedules i n  Table 4-2 (which were 

p r i m a r i l y  based on what t h e  technology m igh t  p e r m i t  i n  t h e  f u t u r e )  a r e  

economica l l y  d e s i r a b l e .  Eoth 12 and 18 month c y c l e s  were considered. 

F igu res  4-1 t o  4-4 show t h e  r e s u l t s  o f  these c a l c u a t i o n s .  

I n  c a l c u l a t i n g  t h e  l i f e t i m e  f u e l  c y c l e s  f o r  t h e  Reference Reactors, t h e  

t a r g e t  burnup t h a t  would be t e c h n i c a l l y  a v a i l a b l e  f o r  f u e l  charged i n  each 

y e a r  was f i r s t  found from Table 4-2. T h i s  I'Nominal" Ta rge t  Burnup was 

taken  as a maximum. 
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The actual target  b u r n u p  used was taken t o  be the la rges t  value n o t  exceed- 
i n g  the Nominal Target B u r n u p  and  which under equilibrium conditions would 
be consistent w i t h  the requirement t h a t  the batch size be a multiple of 4.  

This "Compatible" Target B u r n u p  i s  usually 2-3% below the Nominal Target 
B u r n u p  for  BWP's a n d  3-E% for  PWR's.  I f  b a t c h  s izes  are  n o t  required t o  be 
a multiple of four the compatible burnups are much closer t o  the Nominal 
Target Burnups. 

The uni t  costs  used for  u ran ium,  conversion a n d  enrichment were generally 
the 1990 values shown in Table 2-1. However, several runs were made with 
uranium a t  !$25/lb U308 and  conversion a t  $5/kgU.  Although these lowered 
the level of the costs by 22% they did n o t  s ignif icant ly  a l t e r  the shape of 
the curves. This would also lower the savings by approximately the same 
amount ,  b u t  they would s t i l l  be s ignif icant .  This i s  shown in Figure 4-5 .  

I n  the preceding study(3) for  E P P I  extensive sens i t iv i ty  studies were 
performed varying a l l  the fuel cycle commodity a n d  carrying costs  indivi-  
dually f o r  PWR and BUR, 12 and  18 month cycles. This shifted the levels  of 
the costs  similarly t o  t h a t  described above. The shapes of curves changed 
only s l igh t ly .  

Increases i n  fuel b u r n u p  may require technical modifications t o  the fuel 
designs t h a t  increase fabrication costs ,  such as increased f iss ion gas 
plenum volume or special burnable absorber designs. I t  will also: 

- reduce the load on the fuel fabrication vendors manufacturing 
f a c i l i t i e s  so t h a t  manufacturers will have t o  amortize the i r  
fixed costs over a smaller volume or :  

- reduce the demand so t h a t  additional fabrication plants or manu- 
facturing l ines  may not be required. 

An estimate of increased fabrication prices was described in Section 2. 
Because of possible increased fabrication costs ,  two cost  schedules were 
used. I n  the f i r s t  the cost  was kept constant a t  $230/kgU; i n  the second, 
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i t  was allowed to  increase w i t h  target  discharge b u r n u p ,  i n  accordance w i t h  

the values shown i n  Table 2-1. The continuous discount r a t e  used was 
7.81 3%/year. 

On Figures 4-1  through 4-4 we have plotted the percentage change i n  the 
Fuel Cycle Cost, from the lowest "compatible"* t a rge t  b u r n u p  considered: 
32.2 MwD/kgU f o r  the PWR; a n d  27.8 MwD/kgU for  the BWR. Also plotted i s  
the percentage change i n  the Fuel Cycle Cost from one compatible t a rge t  
b u r n u p  t o  the next higher one. 

For a l l  cases, fuel cycle costs  were lowest for  the highest bu rnup  r u n .  
However, the PWR on a 13 month refueling cycle shows l i t t l e  benefit from 
increases a f t e r  a b u r n u p  of a round  50-55 VwD/kgU. On an 18 m o n t h  cycle the 
PWR shows a greater benefit  from higher discharge burnups, suggesting a n  
optimum a t  around 55-60 WwD/kgU. 

The BWR gained even more t h a n  the PWR from increased discharge b u r n u p s ,  
w i t h  the 18 month cycle, again showing an  enhanced benefit.  We conclude 
t h a t  the b u r n u p  schedules given i n  Table 3-3 and used as the basis fo r  our 
primary r e su l t s  a r e  consistent w i t h  keeping fuel cycle costs a t  t h e i r  
mi n i  mum. 

The impact on the equilibrium back-end fuel cycle costs of extended b u r n u p  
was next examined. Figure 4-6 shows a r e l a t ive  plot of this  component of 
the to t a l  fuel cycle cost  for  e i the r  type of LWR fo r  the three different  
formulations of the c red i t  calculation discussed e a r l i e r  i n  Section 2. The 
c red i t  i s  the difference between the l i n e  marked mill/kwh fee and e i the r  of 
the two others marked respectively $/kgU and $/kgU + $/MwD. 

In each case the PWFRR was found by assuming a continuous collection of 
revenues over the l ifetime of a batch. The to ta l  collected was determined 
by the batch charac te r i s t ics  and u n i t  disposal costs.  

* Compatible t a rge t  b u r n u p s  a r e  achieved w i t h  batch sizes t h a t  a re  
divisable by four. Since the batch s izes  change by whole integers 
only discrete  b u r n u p s  can be obtained for  a given cycle length. 
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The base assumed was t h e  m i l l / k w h  fee. T h i s  i s  t h e  i n v a r i a n t  l e v e l  l i n e  i n  

t h e  f i g u r e .  The component does n o t  v a r y  w i t h  burnup because t h e  f u e l  c y c l e  

c o s t  assoc ia ted  w i t h  t h e  m i l l / k w h  f e e  depends o n l y  upon t h e  energy generat-  

ed. T h i s  i s  c o n s t a n t  i n  a l l  these cases; t h e  t o t a l  energy generated does 

n o t  v a r y  w i t h  burnup. 

The f i r s t  a1 t e r n a t i v e  c r e d i t  s t r u c t u r e  examined was dependent o n l y  on t h e  

k i l og rams  o f  uranium i n  t h e  f u e l  assembly t o  be disposed. T h i s  i s  t h e  

l o w e s t  curve i n  t h e  e x h i b i t .  I t  i s  p r o p o r t i o n a l  t o  t h e  k i l og rams  of  

uranium charged t o  t h e  r e a c t o r .  S ince fewer k i l og rams  a r e  charged a t  h i g h e r  

burnups, t h i s  curve d im in i shes  w i t h  i n c r e a s i n g  burnup. 

The second a l t e r n a t i v e  c r e d i t  s t r u c t u r e  i s  a combinat ion o f  a $/kgU and a 

$/PwD charge. I n  an e q u i l i b r i u m  c y c l e  a t  a burnup o f  33 MwD/kgU f o r  t h e  

fee s e l e c t e d  t h e  $/MwD charge i s  e x a c t l y  h a l f  o f  t h e  m i l l / k w h  fee. Hence, 
t h i s  t h i r d  c r e d i t  s t r u c t u r e  would be i n t e r m e d i a t e  between t h e  o t h e r  two. 

Both a l t e r n a t e  f o r m u l a t i o n s  have been d e f i n e d  t o  r e s u l t  i n  e q u i v a l e n t  

c o s t s  t o  t h e  m i l l / k w h  f e e  a t  33 PwD/kgU. 

4.4 E I A  Projections o f  Instal led Nuclear Capacity 

The DOE Energy I n f o r m a t i o n  A d m i n i s t r a t i o n  (EIA) prov ided  two p r o j e c t i o n s  

o f  i n s t a l l e d  n u c l e a r  c a p a c i t y  f o r  use i n  t h i s  a n a l y s i s .  These a r e  shown i n  

Table 4-4.  

The f i r s t  was t h e  No-New Orders case. T h i s  case assumes no new o r d e r s  f o r  

n u c l e a r  g e n e r a t i n g  c a p a c i t y  and no f u r t h e r  c a n c e l l a t i o n s  o f  p r o j e c t s  c u r r -  
e n t l y  underway. 

The second p r o j e c t i o n  i s  t h e  E I A  Pid-case p r o j e c t i o n .  T h i s  assumes modest 

a d d i t i o n a l  growth i n  i n s t a l l e d  c a p a c i t y  s t a r t i n g  beyond t h e  y e a r  2000. 
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4.5 C a l c u l a t i o n  o f  t h e  Fuel  Cyc le Cost  B e n e f i t  for t h e  Country  - 1985-2020 

We computed t h e  d i f f e r e n t i a l  p resen t  wor th  i n  1/85 d o l l a r s  o f  t h e  f u e l  

c y c l e  c o s t  f o r  a l l  i n s t a l l e d  c a p a c i t y  i n  t h e  USA th rough  t h e  yea r  2020. 

T h i s  was developed u s i n g  t h e  f o l l o w i n g  assumptions. 

1 )  

2) 

The m i x  o f  PVP t o  R W R  p l a n t s  i s  2 t o  1 and w i l l  remain so through 2020. 

6PY o f  t h e  most r e c e n t l y  operated c y c l e s  i n  BWRs a r e  l o n g  c y c l e s  (365 
f u l l  power days o r  l o n g e r ) .  We assumed t h a t  f o r  BWRs, 68% o f  t h e  f u e l  
c y c l e  c o s t  would be c o n t r i b u t e d  i n  1985 u s i n g  t h e  c o s t s  f o r  t h e  18 
month f u e l  c y c l e  developed f o r  t h i s  study. The balance i s  c o n t r i b u t e d  
by  t h e  1 2  month f u e l  c y c l e  c o s t  which i s  used t o  rep resen t  a l l  c y c l e s  
s h o r t e r  t han  365 f u l l  power days. 

We a l s o  assume t h a t  t h e  p r o p o r t i o n  o f  l o n g  c y c l e s  f o r  BWRs would i nc rease  

t o  90% by 1990 and remain c o n s t a n t  t h e r e a f t e r .  T h i s  recognizes:  

- The t r e n d  t o  l o n g e r  c y c l e s  

- That severa l  p l a n t s  cannot (because o f  system c o n s i d e r a t i o n s )  o r  
w i l l  n o t  ( f o r  o t h e r  reasons) s h i f t  t o  a l o n g e r  cyc le .  

- That extended burnup i s  s y n e r g i s t i c  w i t h  l o n g e r  c y c l e s  

- That one o f  t h e  reasons f o r  go ing t o  extended burnup i s  t o  p e r m i t  
simp1 e r  f u e l  management i n  1 onger c y c l  es. 

For  Pb!Ps t h e  p r o p o r t i o n  o f  l o n g  c y c l e s  i s  c u r r e n t l y  50%. We assumed t h a t  i t  

would i n c r e a s e  t o  75% by 1990 and remain c o n s t a n t  t h e r e a f t e r .  F i g u r e  4-7 

shows t h e  p r o p o r t i o n  o f  l o n g  and s h o r t  c y c l e s  versus t ime. F igures 4-8 and 

4-0 a r e  p l o t s  o f  t h e  d i f f e r e n t i a l  between No New R&D and New R&D, present  

wor ths o f  t h e  p a i r s  o f  f u e l  c y c l e s  considered. For each r e a c t o r  type and 

c y c l e  l e n g t h  t h e  f o u r  c a l c u l a t e d  d i f f e r e n t i a l s  a t  t h e  s t a r t - u p  year, 1980, 
1985, 3990, 2000 have been jo ined .  

Using t h e  p r o j e c t i o n s  of i n s t a l l e d  c a p a c i t y  p rov ided  by E I A  g i v e n  i n  Table 

4-4, t h e  t o t a l  d i f f e r e n t i a l  f u e l  c y c l e  c o s t  was computed th rough  t h e  y e a r  

2020. Table 4-5  show t h e  cumu la t i ve  d i f f e r e n t i a l  f u e l  c y c l e  c o s t  f o r  each 
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o f  t h e  i n s t a l l e d  c a p a c i t y  scenar ios  p r o v i d e d  by EIA; a l s o  f o r  each c r e d i t  

case developed by SMSC f o r  reduced r e p o s i t o r y  c o s t s  assoc ia ted  w i t h  

extended burnup. These a r e  t h e  b e n e f i t s  assoc ia ted  w i t h  each o f  t h e  R&D 

scenar ios  and t h e  d i f f e r e n t  c r e d i t  t rea tments .  

The procedure f o r  computing t h e  t o t a l  d i f f e r e n t i a l  f u e l  c y c l e  c o s t  was: 

1. A composi te  cumu la t i ve  d i f f e r e n t i a l  f u e l  c o s t  (AFCC ( N ) )  was ca l cu -  

l a t e d  u s i n g  t h e  w e i g h t i n g  f a c t o r s  desc r ibed  e a r l i e r .  T h i s  can be 

w r i t t e n  as f o l l o w s :  

AFCC(T, C, N) = The p r e s e n t  wor th  o f  t h e  d i f f e r e n t i a l  f u e l  c y c l e  c o s t  

f o r  o p e r a t i o n  f rom 1985 th rough 2020 o f  a r e a c t o r  o f  t y p e  T s t a r t i n g  

o p e r a t i o n  i n  yea r  N on c y c l e  type  f .  

N = 1980, 1985, 1990, 2000 

T = PWR o r  BWR 
C = 18 o r  12 month c y c l e  

W1(T,b!) = The f r a c t i o n  r e a c t o r  t ype  T i n s t a l l e d  i n  yea r  N 

W1 (BWR, N) = .33 

W, (PWR, N) = .67 

W2 (T,C,N) = The f r a c t i o n  o f  r e a c t o r s  o f  t ype  T o p e r a t i n g  on c y c l e  C 

i n  y e a r  N 

W2 (BWR, 18 months, 1985) = 0.68 

W2 (RWR, 18  months, 1990 and beyond) = 0.90 
W (BWR, 12 months, 1985 = 0.32 

W2 (BWR, 12 months, 1990 and beyond) = 0.10 
2 



W 2  (PWR, 18 months, 1985) = 0.50 

W2 (PWR, 18 months, 1990 and beyond) = 0.75 

W2 (PWR, 12 months, 1985) = 0.50 
W2 (PWR, 12 months, 1990 and beyond) = 0.25 

AFCC(N) = 7 W1(T,N) 7 W2(T,C,N) x AFCC (T,C,N) 

A FCC ( N )  f o r  i n t e r m e d i a t e  dates was found by  l i n e a r  i n t e r p o l a t i o n  

between t h e  va lues f o r  1980, 1985, 1990, 2000, and 2020. The AFCC 
(2020) = 0 by d e f i n i t i o n  

T C 

2. For  each y e a r  f rom 1985 t o  2020 t h e  incrementa l  i n c r e a s e  i n  n u c l e a r  

g e n e r a t i n g  c a p a c i t y  AP( N)  was computed f rom t h e  EIA p r o j e c t i o n s .  

3. The t o t a l  d i f f e r e n t i a l  f u e l  c o s t  then was computed 

AFCC = T AP(N) x AFCC(N) 

N 

These a r e  t h e  va lues d i s p l a y e d  i n  Table 4-5. The b e n e f i t - c o s t  r a t i o  

(Tab le  4 - 6 )  f o r  con t i nued  R&D was computed by d i v i d i n g  the  p resen t  

w o r t h  o f  DOE expend i tu res  f o r  h i g h  burnup i n t o  t h e  t o t a l  f u e l  c o s t  

d i f f e r e n t i a l .  The t o t a l  DOE R&D expend i tu res  and t h e  present  wor th  

a r e  shown on Table 4-7. These were p rov ided  independen t l y  by DOE (1) . 
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Core Thermal PW 

Net E l e c t r i c  PW 

Fuel P.ssembly Core 
L a t t i c e  

TABLE 4-1 

CHARACTERISTICS ASSUMED FOR THE REFERENCE LWR's 

BWR PWR 

Amount o f  Planned 
Cycle Extens ions 
( "coas tdown" ? 

Number o f  Fuel 
Assembl i es i n 
t h e  c o r e  

kgU/Fuel P.ssemh1 y 

Fuel Pssembly 
D e s c r i p t i o n  

Fuel Panagement 

33?@ 3390 

1068 1068 

Assymetr ica l  f o r  p l a n t s  Symmetrical f o r  a l l  

Symmetrical f o r  p l a n t s  
s t a r t i n g  up b e f o r e  1985 p l a n t s  

s t a r t i n g  up i n  1985 and 
t h e r e a f t e r  

5 @  f u l l - p o w e r  days each None 
c y c l e  except  t h e  f i r s t  

744 

1P2.3 

f'x8 a r r a y  i n c l u d i n g  2 
wa te r  rods, gadol i n i a  
i n  rods as needed, 
6" n a t u r a l  uranium 
b l a n k e t s  a t  each end 

S c a t t e r  r e l o a d i n g  

The number o f  f u e l  
assembl ies i n  each 
b a t c h  i s  d i v i s i b l e  
b y  4. 

Enrichments rounded 
upward i n  t h e  second 
decimal p lace.  

4-11 

103 

420.8 

17x17 a r r a y ,  separate 
annu la r  boron absorber  
rods  as needed, "wet" 
l a t t i c e  

Low leakage r e l o a d i n g  

The number o f  f u e l  
assembl ies i n  each 
ba tch  i s  d i v i s i b l e  
by 4. 

Enr ichments rounded 
upward i n  t h e  second 
decimal p lace.  



TABLE 4-2 

PAPAPETERS DETERFINING THE NU)IBER OF LIFE HISTORIES CALCULATED 

Parameter 1 
Commercial o p e r a t i n g  date.  Four va lues were used: 1980, 1985, 1990, 2000. 

Parameter 2 
E q u i l i b r i u m  c y c l e  l e n g t h .  Two va lues were used: A " s h o r t e r "  c y c l e  l eng th ,  
and a " l onger  c y c l e  l e n g t h " .  These, t o g e t h e r  w i t h  o t h e r  r e l a t e d  

assumptions, a r e  as f o l l o w s :  

S h o r t e r  Longer 
Cycle Cycle 

F i r s t  Cyc le l e n g t h ,  months 1 6  20 

Percent  o f  des ign c a p a c i t y  f a c t o r  achieved, % 100 100 

A l l  subsequent cyc les ,  months 12 18 
Design c a p a c i t y  f a c t o r ,  a l l  cyc les ,  % 70 70 

Parameter 3 
Schedule o f  t a r g e t  burnups. Two schedules were used, t h e  f i r s t  was a p p l i e d  
under t h e  assumption t h a t  no new R&D was t o  be i n i t i a t e d .  The second 

assumes a v igo rous  e x t e n s i o n  o f  t h e  c u r r e n t  R&D program. 

These schedules, t aken  f rom t h e  columns under "Average U t i l i t y  S e l e c t i o n "  

i n  Table 3-3, a r e  as f o l l o w s :  

Target  Burnups, MWD/KgU,(a) 
1. Wi thou t  2. W i t h  New 3. Assuming 
New P&D R& D No Change 

Date EG!R PkP BWR PWR BWR PWR 

b e f o r e  l / l / I P 8 0  28.5 33 2e.5 33 28.5 33 
1/1/19f?5 31 39 31 39 28.5 33 
1/1/1990 35 40 38 45 28.5 33 
1/1/1695 38 45 40 50 28.5 33 

a f t e r  3/1/2000 3P 50 43 55 28.5 33 

( a )  Ta rge t  burnups a t  i n t e r m e d i a t e  t imes  a r e  found by  l i n e a r  i n t e r p o l a t i o n .  
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TABLE 4-4 

Nuclear 

Year 

1 0P5 
1086 
1P87 
1 ??8 
19e9 
1000 
1901 
1902 
1903 
1994 
1905 
1996 
1097 
1908 
1909 
2000 
2001 
2002 
2003 
2 004 
2005 
2 006 
2 007 
2 OOP 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
201 6 
2017 
2018 
2019 
2020 

- 

Growth Projections (2 )  
( g i  gawat t s )  

No New 
Orde r s  

81 
88 
98 

104 
106 
107 
108 
108 
109 
109 
109 
109 
109 
109 
109 
1 oe 
108 
1 oe 
108 
108 
108 
108 
108 
108 
108 
106 
108 

99 
91 
74 
68 
60 
56 
53 
49 
40 

M i  ddl e 

85 
94 
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107 
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117 
119 
119 
119 
122 
123 
123 
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123 
127 
132 
138 
143 
148 
152 
155 
159 
162 
166 
171 
175 
180 
184 
189 
194 
198 
203 
207 
212 
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TABLE 4-7 

P r o j e c t e d  Research and Development Expend! tures f o r  New Extended Burnup 
P r o j e c t s .  

( m i  11 i o n s  o f  dol l a r s )  - Year Annual Cos t s  

1987 

1 OP8 
1939 

1990 

1991 

1992 
1993 
1994 

0 
6 

3 
2 

3 
2 " 

6 
6 

To ta l  = 35 
- 

Present Worth @ 7.318 %/Year = 22.3 P i l l i o n  D o l l a r s  

4-22 



TW
LE

 4
-8

 

C
W

A
R

IS
O

N
 O

F 
DI

FF
ER

EN
TI

AL
 F

UE
L 

CY
CL

E 
CO

ST
 (

FC
C)

 
TH

RO
UG

H 
20

20
 

(M
il

li
o

n
s 

o
f 

19
85

s.
 

U
nd

is
co

un
te

d)
 

No
 N

ew
 O

rd
er

s 
N

uc
le

ar
 C

ap
ac

ity
 C

as
e 

FC
C 

W
ith

 
FC

C 
W

ith
 C

re
di

t 
P

ro
po

rt
io

na
l 

to
 V

ol
um

e 
FC

C 
W

ith
 N

o 
FC

C 
W

ith
 

C
re

di
t 

P
ro

po
rt

io
na

l 
W

il
l/

kn
h 

Fe
e 

To
 V

ol
um

e 
An

d 
E

ne
rg

y 
D

is
po

sa
l 

C
ha

rg
e 

N
et

 P
e

n
e

fi
t 

o
f 

S
up

po
rt

in
g 

12
30

 
E

xt
en

de
d 

R
ur

nu
p 

R
es

ea
rc

h 
an

d 
Fe

ve
lo

pm
en

t 

21
40
 

18
20

 
12

30
 

N
et

 R
en

ef
it

 o
f 

S
up

po
rt

in
g 

E
xt

en
de

d 
B

ur
nu

p 
R

es
ea

rc
h 

an
d 

D
ev

el
op

m
en

t 

M
id

dl
e 

G
ro

w
th

 N
uc

le
ar

 C
ap

ac
ity

 C
as

e 

FC
C 

W
ith

 
FC

C 
W

ith
 C

re
di

t 
C

re
di

t 
P

ro
po

rt
io

na
l 

P
ro

po
rt

io
na

l 
to

 V
ol

um
e 

FC
C 

W
it

h 
No

 
FC

C 
W

ith
 

R
il

l/
kw

h
 F

ee
 

To
 V

ol
um

e 
An

d 
E

ne
rg

y 
D

is
po

sa
l 

C
ha

rg
e 

16
40

 
29

40
 

24
70

 
16

40
 



1 
I 
I 
I 
I 
b 
I 
I 
I 
1 
I 
I 
I 
I 
1 
t 
I 
t 

0 rr, 
I 

P 
0 
Q 

g z  

E 
0 
0 b 

r3 

N rn 

4 - 2 4  



4 - 2 5  



1;/ 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 1 7- r I 

VI 

0 
41 
\ 
Q 
3 
I 
w 

4 - 2 6  



I 
t 
I 
I 
I 
1 
I 
t 
I 
1 
I 
I 
1 
I 

!/\ 4 I 

) I '  

3) 

I I 
c 

0 
c 

0 J) 
I 

0 6 ~ ~ 1 . 4 3  

4 - 2 7  

. ,,. . .. ~ . .. . 1. .. . 



4 - 2 8  



it4 
GI 

c1 

c1 

c3 

c3 

c3 

P 

r I I I I I 

rJ F ... 
c c 

4 - 2 9  



% 3  

G rr) 

NOI13VtJJ 

4-30 

0 -  



a c 
0 

VI m m 
c 

4-31 

c 

0 -  

z 
0 
F: 
4 
K 

J a 
G 
K w 
I 
I 
0 
0 



4 - 3 2  



z z z i  
0 0 0 0  
I Z I I  

0 
.r 

4 - 3 3  

z 
0 
i= 
U 
K 
W e 
0 

a 
5 
CY 
W 
I 
z 
0 
0 
L. 
0 
K 

w * 
a 





5.0 Concl us i ons 

1. U s i n g  the fuel cycles and fuel cycle u n i t  commodity costs  developed in  
t h i s  study there are present worth fuel cost  benefits t h r o u g h  
additional b u r n u p  increases from new R&D support of  from 490 million 
t o  980 million dol la rs  over the next t h i r t y  f ive years. 

2. The benefit-cost ra t ios  range from 22 t o  44:  these depend on the 
application of the a1 ternate  backend cost  formulations for waste 
system cost savings assumed for extended burnups. 

3 .  The *incremental benefits of  achieving higher burnups for  the model 
BWR used i n  t h i s  study are  a b o u t  twice t h a t  f o r  PWRs fo r  the  front-end 
component of the cost for  the b u r n u p  schedules used i n  t h i s  analysis.  
The back-end components are comparable. 
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APPENDIX 1 

DEVELOPMENT OF THE DISPOSAL CHARGE FORMULATIONS 

The t h r e e  d i  sposal charge f o r m u l a t i o n s  used were devel oped t o  i l l u s t r a t e  

p o s s i b l e  c r e d i t s  f o r  t h e  sav ings  i n  d i s p o s a l  c o s t s  assoc ia ted  w i t h  h i g h e r  

burnups. 

I n  f o r m u l a t i n g  ou r  d i sposa l  charge t rea tmen t  we s t a r t e d  w i t h  t h e  c u r r e n t  

m i l l / k w h  fee. 

I f  one de f i nes :  

pwl 

pw2 

pw3 

k 
R 

dk 

'k 

t h e  p resen t  wor th  of  t h e  d i sposa l  charges f o r  a r e a c t o r  f u e l  c y c l e  

based on t h e  m i l l / k w h  f e e  

t h e  p resen t  wor th  o f  t h e  d i sposa l  charges f o r  a r e a c t o r  f u e l  c y c l e  

based on a $/kgU charge 

t h e  p resen t  wor th  o f  t h e  d i sposa l  charge based on a combina t ion  o f  

PWl and PW2 

c y c l e  burnup (F(wD/KgU) 

t h e  i n i t i a l  m e t r i c  tonnes o f  uranium i n  t h e  c o r e  a t  any c y c l e  

t h e  p resen t  wor th  f a c t o r  a p p l i e d  t o  c y c l e  k assuming t h e  c y c l e  

produced energy u n i f o r m l y  and i t  i s  c o n t i n u o u s l y  d i scoun ted  t o  

1/1/85 

t h e  i n i t i a l  Y t U  d i scha rged  a t  end -o f - cyc le  (EOC) k 

t hen  a t  a thermal e f f i c i e n c y  o f  31.5% 

A l - l  



$l/Mwh(e) = $@.315/Mwh(t) = $.315 x 24/MwDt = $7560/GwDt 

pwl = 1 7560 PkModk 
k 

= 7560 1 Fkdk 

when Fk = QkW0 

($/kgU)o i s  chosen such t h a t  PWl = PW2 f o r  some c o n d i t i o n .  

c o n d i t i o n  i s :  an LWR, e q u i l i b r i u m  i n  a l l  cyc les ,  t hen  

I f  t h i s  

where Bk = average d i scha rge  burnup a t  (EOC) k 

f o r  a l l  cyc les ,  w i t h  

where t h e  s u b s c r i p t  "0" denotes t h a t  t h e  e n t i r e  d i sposa l  charge i s  based on 
$/kgU 

A1 -2 



f o r  no rma l i za t i on  a t  an e q u i l i b r i u m  d ischarge exposure t h i s  i m p l i e s  t h a t  

($/kgU), = 7.56 Beq 9 0  

For 
= 36 

eq ,o B (:'/kgU), = 272.16 

= 33 ($/kgU), = 249.48 
Beq so 

+ 1 ($/kgU)l . 1000 Mkdk 
k 

where t h e  s u b s c r i p t  "1" i n d i c a t e s  t h e  $/kgU term i s  a term i n  a p a r t i a l  

charge 

BkMk = 1, PW2 = PW1 
i n  e q u i l i b r i u m  

Fk 

and i f  ($/PwD) i s  t o  be chosen t o  make PW3 = PW1 then  

A1-3 



hence 

I f  r = t h e  r a t i o  o f  t h e  energy component o f  d i sposa l  c o s t s  t o  t h e  volume 
component 

($/kgU)l = ($ /kgUl0 / l+r = 7.568 / l + r  
eq 

$/MWD = 7.56r 
l+r 

Thus f o r  ($/kgU)o = 250 

and r = 1.0 

when energy c o s t  r e p r e s e n t s  50% o f  t h e  t o t a l  d i sposa l  c o s t  and volume 50% 
o f  t h e  costs ,  then:  

$/MWD = 3.78  and ($/kgU)l = 125 
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APPENDIX 2 

EFFECT OF BURNUP ON CLAD CHARACTERISTICS 

I. The Problem 

The purpose o f  t h i s  r e v i e w  i s  t o  determine t h e  impact o f  extended burnup o f  

LWR f u e l  assembl ies on f u e l  h a n d l i n g  a f t e r  f i n a l  d i scha rge .  A t y p i c a l  PWR 

assembly i s  shown i n  F i g u r e  1 and a t y p i c a l  BG!P assembly i n  F i g u r e  2. 

T h i s  assessment c o n s i d e r s  t h e  impact  o f  extended burnup on t h e  Z i r c a l o y  

s t r u c t u r a l  components o f  t h e  f u e l  assembly. C o n s i d e r a t i o n  c o u l d  be g i v e n  

t o  t h e  e f f e c t s  o f  extended burnup on t h e  s t a i n l e s s  s t e e l  components. Bu t  

t h e  e f f e c t s  o f  i r r a d i a t i o n  and c o r r o s i o r :  i n  degrading s t a i n l e s s  s t e e l  

mechanical  p r o p e r t i e s  a r e  n o t  cons ide red  c r i t i c a l  conce rn ing  f u e l  hand1 i n g  

a f t e r  extended burnup. 

I n f o r m a t i o n  on 7 i r c a l o y  c l a d  c h a r a c t e r i s t i c s  f o r  extended burnup i s  a v a i l -  

a b l e  a t  r e a c t o r  o p e r a t i n g  temperatures,  b u t  i s  scarce a t  temperatures 

found i n  spent f u e l  pools .  The c h a r a c t e r i s t i c s  impar ted  t o  Z i r c a l o y  by 

i r r a d i a t i o n  i n  thermal  r e a c t o r s  w i l l  a f f e c t  t h e  mechanical  p r o p e r t i e s  b y  

i n c r e a s i n g  s t r e n g t h  and dec reas ing  d u c t i l i t y .  Also i m p o r t a n t  i s  t h e  

e f f e c t  o f  o x i d a t i o n  by  t h e  LWR c o o l a n t  and hydrogen p i c k u p  by t h e  Z i r c a l o y ,  

and t h e  combined e f f e c t  o f  these on t h e  Z i r c a l o y  p r o p e r t i e s .  

The c o o l a n t  ( w a t e r )  c h e m i s t r y  can p l a y  a ma jo r  r o l e  i n  o x i d a t i o n  and 

h y d r i d i n g  a t  r e a c t o r  o p e r a t i n g  temperature,  b u t  t h i s  i s  n o t  w i t h i n  t h e  

scope o f  t h i s  rev iew.  

In e v a l u a t i n g  t h e  e f f e c t  o f  extended burnup on Z i r c a l o y ,  i n  PWRs and BWRs, 

we must c o n s i d e r  t h e  s t r u c t u r a l  e lements i n  t h e  assembl ies;  empty gu ide  o r  

t h i m b l e  tubes i n  PWRs ( F i g .  1 )  and f u e l e d  t i e  rods i n  BWRs ( F i g .  2 ) .  I n  

b o t h  cases, t h e  g r i d  spacers a t tached  t o  t h e  gu ide  tubes o r  
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t i e  rods a r e  t h e  s t r u c t u r a l  elements t h a t  suppor t  t h e  f u e l  rods. For 

extended burnup f u e l  assembl ies Z i r c a l o y  spacers a r e  expected t o  be t h e  

s tandard product .  

The impact o f  extended burnup on f u e l  h a n d l i n g  i s  determined t o  a l a r g e  

e x t e n t  by  t h e  p r o p e r t i e s  o f  t h e  Z i r c a l o y  i n  t h e  guide tubes, c l a d  and t o  a 

l e s s e r  e x t e n t  t h e  spacers. 

T h i s  appendix rev iews  t h e  e f f e c t  o f  extended burnup on t h e  Z i r c a l o y  guide 

tubes, c l a d  and spacers and i t s  e f f e c t  on t h e  i n  pool and back-end 

hand l i ng .  For PWRs t h e  extended burnup f u e l  designs w i l l  i nc rease  t h e  

exposure t ime  o f  Z i r c a l o y  components from t h e  c u r r e n t  l e v e l  o f  t h r e e  years 

t o  f i v e  o r  more years.  I n  a BWR t h e  exposure t ime  w i l l  i nc rease  f rom t h e  

c u r r e n t  l e v e l  o f  f o u r  yea rs  t o  s i x  o r  more years. I n  t h i s  rev iew  we 
cons ide red  an ex tens ion  o f  burnup f rom 8 33000 MwD/MtU t o  s 45,000 MwD/MtU 

and h ighe r .  

11. Important Characteristics 

I n  h a n d l i n g  spent f u e l  assembl ies i n  t h e  s torage pool t h e  temperature o f  

t h e  Z i r c a l o y  components i s  u n l i k e l y  t o  g r e a t l y  exceed 212OF. Technica l  

s p e c i f i c a t i o n  requirements,  which must be approved by  t h e  NRC, r e q u i r e  

t h a t  t h e  s torage pool  water  not b o i l .  

There i s  much data f o r  Z i r c a l o y  a t  r e a c t o r  o p e r a t i n g  temperature (s 57OoF 

f o r  c o o l a n t  and s650°F f o r  c l a d  i n  PWRs and s545OF f o r  c o o l a n t  and s570°F 

f o r  c l a d  f o r  BWR's) .  However, l i t t l e  data i s  a v a i l a b l e  a t  spent f u e l  pool  

temperatures < 212OF ( c l a d  s l i g h t l y  h i g h e r ) .  

The parameters o f  importance f o r  assessing t h e  e f f e c t  o f  i r r a d i a t i o n  on 

spent  f u e l  h a n d l i n g  i n  extended burnup assemblies are:  
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- t h e  e f f e c t  o f  r a d i a t i o n  on mechanical p r o p e r t i e s  o f  Z i r c a l o y  a t  
spent f u e l  temperatures;  

- Z i r c a l o y  c o r r o s i o n  o x i d a t i o n  and h y d r i d i n g ;  

- Spacer r e l a x a t i o n  o r  d e t e r i o r a t i o n  (as  a f f e c t e d  by c o r r o s i o n  
and/or i r r a d i a t i o n  e f f e c t  on i t s  mechanical p r o p e r t i e s ) .  

Spacer r e l a x a t i o n  i s  i n  f a c t  more r e l a t e d  t o  f u e l  r o d  behav io r  i n  se rv i ce .  

Spacer d e t e r i o r a t i o n  ( c r a c k i n g  , o x i d a t i o n ,  h y d r i  d i  ng , i r r a d i a t i o n  

embri t t l e m e n t )  c o u l d  a d v e r s e l y  a f f e c t  f u e l  assembly hand1 i n g  a f t e r  

extended burnup. 

T h i s  appendix w i l l  p resen t  da ta  o b t a i n e d  d u r i n g  p o s t  i r r a d i a t i o n  

examina t ion  o f  PWR gu ide  tubes, BWR f u e l e d  t i e  rods  and Z i r c a l o y  spacers 

f o r  bo th  types o f  LWRs. 

111. Data A v a i l a b l e  

Pos t  i r r a d i a t i o n  examina t ion  has been performed on Z ion PWR components 
a f t e r  t h r e e  and f i v e  c y c l e s  (1). . 

- t h e  f i v e  c y c l e s  r e s u l t e d  i n  an assemh& averfge burnup o f  54,800 
M w D / M t U  and a f a s t  f l u e n c e  o f  1 . 3 ~ 1 0  n/cm ( E 8  1MeV) 

- t h e  t h r e e  c y c l e  examinat ion took  p l a c e  a f t e r  burnup! o f  
app rox ima te l y  39,OO MwD/MtU and a f a s t  f l u e n c e  o f  7 . 0 ~ 1 0  ( E X  
1Mev). 

The Z i r c a l o y - 4  t h i m b l e  tubes were analyzed a f t e r  3 and 5 c y c l e s  f o r  o x i d e  

f i l m  t h i c k n e s s  (Tab le  l ) ,  hydrogen c o n c e n t r a t i o n  i n  t h i m b l e  tubes (Tab le  

2 ) ,  and t e n s i l e  t e s t s  r u n  a t  room temperature (Tab le  3). 

As shown i n  Table 1, t h e  o x i d e  f i l m  t h i c k n e s s  i n  t h i m b l e  tubes f o r  5 c y c l e s  

went up t o  0.43 m i l s  (span 6).  For 3 c y c l e s  t h e  maximum was 0.39 
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m i l s .  The hydrogen i n  t h e  t h i m b l e  tubes a t  beg inn ing  o f  l i f e  was approx i -  

ma te l y  l0ppm. A f t e r  5 c y c l e s  i t  had increased t o  a maximum o f  178ppm; a f t e r  
3 c y c l e s  t o  a maximum o f  63ppm. 

I n  t h e  178ppm (span t 6 ) ,  a few o f  t h e  h y d r i d e  p l a t e l e t s  i n  t h e  

m e t a l l o g r a p h i c  samples examined were o r i e n t e d  r a d i a l l y  near t h e  o t h e r  
su r face .  Desp i te  t h i s ,  no excess ive h y d r i d i n g  o r  embri ttl i n g  was found. 

The r e s u l t s  o f  t e n s i l e  t e s t s  a t  room temperature on t h i m b l e  tube samples 

a r e  g i v e n  i n  Table 3. Whi le  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  and 0.2% y i e l d  

s t r e n g t h  have increased, t h e  d i f f e r e n c e  between t h r e e  and f i v e  c y c l e s  i s  

n o t  g rea t .  A s a t u r a t i o n  e f f e c t  i n  Z i r c a l o y  i s  e x h i b i t e d  a f t e r  

app rox ima te l y  5~10'~ n/cm2 ( E s  The more c r i t i c a l  p r o p e r t y  i s  t h e  

d u c t i l i t y  ( e l o n g a t i o n )  remain ing a f t e r  3 and 5 cyc les .  Span 6 o f  t h e  
t h i m b l e  tubes measured again showed t h e  l o w e s t  r e s i d u a l  d u c t i l i t y ,  y e t  

o v e r a l l  t h e  r e s i d u a l  d u c t i l i t y  i s  cons idered adequate f o r  f u e l  assembly 

h a n d l i n g  ( u n i f o r m  e l o n g a t i o n  o f  1.9 and 3.0%). 

E l o n g a t i o n  and r e d u c t i o n  o f  area a r e  conven ien t  methods f o r  o b t a i n i n g  

i n f o r m a t i o n  on t h e  t o t a l  de fo rma t ion  t h a t  occurs b e f o r e  f a i l u r e .  These 

d u c t i l i t y  p r o p e r t i e s  a l l o w  f o r  some r e d i s t r i b u t i o n  o f  s t r e s s  d u r i n g  f u e l  
assembly h a n d l i n g  and p e r m i t  some ove r load  w i t h o u t  c a t a s t r o p h i c  f a i l u r e .  

The e l o n g a t i o n  r e q u i r e d  f o r  these purposes depends on the  a p p l i c a t i o n  and 

i s  n o t  no rma l l y  s e l e c t e d  on t h e  b a s i s  o f  des ign   calculation^(^). For t h e  

f o l l o w i n g  reasons we can deduce t h a t  f u e l  assembl ies can be handled s a f e l y  

a f t e r  h i g h e r  burnups (up t o  ~55,000 MwD/MtU):  

1. The t h i m b l e  tube uni form and t o t a l  e l o n g a t i o n  va lue a r e  f a i r l y  

2. 

c l o s e  a f t e r  t h r e e  and f o u r  c y c l e s  (Tab le  3). 

They range between 1.9% and 8.0%. 

3 .  The f u e l  assembl ies have been s a f e l y  handled a f t e r  t h r e e  cyc les.  
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The Zircaloy-4 g r i d s  of Zion' ' )  were examined a f t e r  3 cycles and  no 
evidence o f  in-reactor deter iorat ion o f  any type was seen. After 5 cycles, 
a l l  v i s ib l e  surfaces of the grids appeared in t ac t  w i t h  no evidence of 
cracks, torn s t raps ,  broken or  dis tor ted springs, o r  abnormal corrosion. 
The brazed jo in t  on peripheral s t raps  as well a s  the v i s ib l e  portion of 
i n t e r sec t  j o i n t s  o f  i n t e r i o r  g r i d  straps appeared to  be sound a n d  showed no 
signs of erosion o r  other deter iorat ion.  (1) 

21 After 5 cycles = 55,000 PwD/MtU with a cumulative fluence of ~ 1 0 . 5 ~ 1 0  
n/cm2 (E*  IPeV), Zircaloy-4 used fo r  thimble tubes demonstrated strength 
and d u c t i l i t y  values, oxide film thickness a n d  hydrogen pickups. These 
were a l l  i n  a range indicating adequate strength to  permit subsequent fuel 
handling. 

3 Four bundles operated fo r  more t h a n  8 years i n  Vonticello ( B W R )  
average burnups r a n g i n g  from 42,200 to  45,600 M w D / M t .  All examinations 
showed the bundles and fuel were i n  good condition for  the h i g h  exposures 
achieved. 

a t ta ined 

The overall average oxide thickness was 1.2 mils and the average hydrogen 
pickup was 74ppm, w i t h  a maximum of 121  ppm. Room temperature t e n s i l e  
t e s t s  run on Localized h c t i l i t y  Arc ( L D A )  specimens from clad exposed to  a 
f a s t  fluence estimated to  be s 7.E - 8.4 x loz1 n/cm (E>lPeV) gave an  
ultimate t ens i l e  strength of 130,000 psi w i t h  a n  elongation of 3.2%. 
Uniaxial t ens i l e  t e s t s  i n  a i r  a t  2 5 O C  (77OF) f o r  the same radiation 
exposure gave the following r e s u l t s  on the Zircaloy -2 clad: 

2 

Sampl e# l  Sampl e#2 

Ultimate t e n s i l e  strength 327,700, 133,300 psi 
0.2% yield strength 11 9,000, 125,000 psi 
Uniform elongation 1 .4%,  1.4% 

Total elongation 3.3% 3.1% 
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A t y p i c a l  Z i r c a l o y - 2  f u e l  c l a d  s p e c i f i c a t i o n  would c a l l  f o r  t h e  f o l l o w i n g  

room temperature p r o p e r t i e s  ( u n i r r a d i a t e d )  : 

U l t i m a t e  t e n s i l e  s t r e n g t h  - 70,000 p s i  (min)  
0.2% y i e l d  s t r e n g t h  - 60,000 p s i  (min)  
E longa t ion  i n  2"  (min)  - 16% 

These r e s u l t s  on M o n t i c e l l o  BWR i n d i c a t e  t h a t  a t  room temperature t h e  

p r o p e r t i e s  o f  i r r a d i a t e d  7 i r c a ? o y  f u e l  c l a d d i n g  (S44,OOO MDW/MT) i n  t h e  

a x i a l  d i r e c t i o n  r e t a i n  good d u c t i l i t y  and e x h i b i t  s i g n i f i c a n t l y  inc reased 

t e n s i l e  s t reng th .  The combina t ion  o f  s t r e n g t h  and d u c t i l i t y  a r e  con- 

s ide red  adequate f o r  spent  f u e l  hand1 i n g  o f  these assemblies. 

For  t h e  PIJP, P o n t i c e l l o  (3 '  , p o s t - i r r a d i a t i o n  examinat ion  was performed on 

t h r e e  spacers a f t e r  bundle average burnups o f  42,000 o r  45,600 MWD/MT. The 

7 i r c a l o y - 4  spacer m a t e r i a l  had a un i fo rm ox ide  th i ckness  up t o  45 pm. Some 

nodu la r  o x i d e  was found up t o  130 pm t h i c k  b u t  t h e  o v e r a l l  amount o f  

nodu la r  o x i d e  was cons idered smal l .  The average hydrogen con ten t  had a 

h i g h  va lue  o f  12lppm. 

T e n s i l e  t e s t s  were r u n  on t h e  spacer m a t e r i a l  a t  288OC. For t h e  lower  

f l u e n c e  o f  6.7 x 10'' n/cm2 (E>lMeV) t h e  average o f  6 specimens was 

u l t i m a t e  t e n s i l e  s t r e n g t h  .r 92,000 p s i ,  0.2% y i e l d  s 86,000 p s i .  

For  t h e  h i g h e r  f l uence  (11 x IOz1 n/cmz, (E>lPeV) u l t i m a t e  t e n s i l e  s t r e n g t h  

was s ?P,OOO p s i  and t h e  0.2% y i e l d  s 90,000 p s i .  

The u n i f o r m  e l o n g a t i o n  was 8 1.9% f o r  bo th  f l u e n c e  l e v e l s .  The t o t a l  

e l o n g a t i o n  was an average o f  7.8% f o r  t h e  l ower  f l u x  l e v e l  and 7.2% f o r  t h e  

h i g h e r  f l  ux. 

T e n s i l e  da ta  on t h e  spacer Z i r ca loy -4  was n o t  g i ven  f o r  t h e  M o n t i c e l l o  
m a t e r i a l  a t  room temperature. The 288OC data (and o t h e r  da ta  
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r e l a t i n g  t o  Z i r c a l o y  room temperature and e l e v a t e d  temperature p r o p e r t i e s )  

do i n d i c a t e  t h a t  s u f f i c i e n t  s t r e n g t h  and d u c t i l i t y  should be p resen t  a t  

l o w e r  temperatures f o r  s a f e  handl  i n g  o f  these BWR assembl ies a f t e r  

extended burnup and s torage i n  t h e  pools.  

I V .  Conclusions 

A f t e r  f i v e  c y c l e s  o f  i r r a d i a t i o n  ( IT 55,000 MwD/MtU) PWR f u e l  assembly 
Z i r c a l o y - 4  t h i m b l e  tubes, which suppor t  t h e  s t r u c t u r e  d u r i n g  handl  i ng ,  
demonstrated l o w  c o r r o s i o n  and hydrogen uptake and s u f f i c i e n t  d u c t i l i t y  t o  

p e r m i t  sa fe  p o s t - i r r a d i a t i o n  hand l i ng .  

The ? i r c a l o y  spacers under v i s u a l  examina t ion  showed no evidence o f  

mechanical  d e t e r i o r a t i o n  o r  unusual c o r r o s i o n  t h a t  would a d v e r s e l y  a f f e c t  

f u e l  handl i ng. 

I n  t e s t  R W R  f u e l  bundles exposed t o  45,600 MwD/MtU, l o w  c o r r o s i o n  and 

hydrogen uptake was found i n  t h e  f u e l  c lad .  The p o s t  i r r a d i a t i o n  examina- 
t i o n  showed t h e  bundles and f u e l  rods were i n  good c o n d i t i o n  f o r  t h e  h i g h  

exposures achieved. 

The Z i r c a l o y - 2  c l a d  had s u f f i c i e n t  s t r e n g t h  and r e s i d u a l  d u c t i l i t y  t o  

w i t h s t a n d  f u e l  handl ing.  The Z i r c a l o y - 4  spacer m a t e r i a l ,  a f t e r  comparable 
exposures showed l o w  o x i d a t i o n  and l o w  hydrogen p i c k u p  and good d u c t i l i t y  
when t e s t e d  a t  288OC. T h i s  spacer m a t e r i a l  should p r o v i d e  adequate suppor t  

d u r i n g  handl i n g  a f t e r  h i g h  burnup and pool  storage. 

On t h e  b a s i s  o f  t h e  a v a i l a b l e  data,  b o t h  PWR and BWR assembl ies should 
p r e s e n t  no problems r e l a t e d  t o  t h e  s t r e n g t h  o f  t h e i r  main s t r u c t u r a l  com- 
ponents f o r  h a n d l i n g  i n  t h e  pool  o r  d u r i n g  back-end h a n d l i n g  a f t e r  burnups 
up t o  45,000 PwD/Vt. 
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TABLE A-1 

Span 

ZION THREE-AND FIVE-CYCLE SKELETON 

OXIDE F ILM THICKNESS I N  THIMBLE TUBE 

D i  stance Oxide Film Thickness (mils) 
from Bottom No. of Outer Surf ace Inner Surface 

No. o f  Fuel ( inches) Cycles Std Dev Mean S t d .  Dev Pean - - - 

50 

76 

3 28 

147 

0.17 
0.19 
0.17 
0.20 
0.16 
0.20 
0.29 
0.43 

0.01 0.16 0.01 
0.19 

0.01 0.16 0.02 
0.19 

0.01 0.16 0.01 
0.20 

0.01 0.39 0.02 

0.43 
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TABLE A-2 

Z I ON THREE- AND FIV E- CY CL E SKELETON 

HYDROGEN CONCENTRATION I N  THIMBLE TUBE 

Distance from Hydrogen Concentration(a) (ppm) 
Span No. Bottom o f  Fuel (inches) 3-Cycl e 5-Cycl e 

E O  

7E 

1 2P 
147 

49 

42 

36 
63 

66 
53 
73 

178 

a.  Estimated measurement uncertainty plus or minus 2 ppm 
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TABLE A-3 

RESULTS OF TENSILE TESTS 

ON T H I M L E  TUBE SAMPLES 

Noni r r a d i  a t e d  No. o f  I r r a d i a t e d  Samples From 
Cycles  Span 2 Span 3 Span 5 Span 6 Avg' a )  P r o p e r t y  Peasured  

0.2% Yield S t r e n g t h  
( k s i )  

58.7 

U1 t i m a t e  S t r e n g t h  81 .O 
( k s i )  

F r a c t u r e  S t r e n g t h  ( k s i )  3 

Uniform E longa t ion  ( 9 )  

Tota l  E longa t ion  (%) 33.9 

3 129.3 130.4 128.5 126.8 

5 128.6 129.3 127.7 125.1 

3 137.7 137.2 136.7 130.4 
5 139.3 140.7 140.5 137.5 

131.1 130.2 131.9 124.6 

5 132.4 130.1 133.2 126.4 

3 2.6 4.9 4.6 1.9 
5 5.3 5.1 5.8 3.0 

3 4.5 7.8 6.7 2.2 

5 7.3 6.3 8.0 4.6 

a .  Average o f  a l l  t e s t  sasmples  r e p r e s e n t i n g  th imble  t u b e s  used i n  Zion f i r s t  c o r e  
l o a d i n g  ( approx ima te ly  40 t u b i n g  l o t s )  
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Figure A-1. Westinghouse RCC Fuel Assembly 
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APPENDIX 3 

FUEL CYCLE COST METHODOLOGY 
THE BASIC EQUATIONS 

A. Definitions and Assumptions 

The evaluation procedure fo r  determining the economic merit of a proposed 
fueling program fo r  a nuclear reactor i s  based on the following assump- 
t i o n s :  

1. The reactor operates w i t h  a core made-up o f ,  4rno+a, fuel assemblies 
and a thermal-to-electric conversion efficiency o f ,  0. A quantity of 
reload fuel assemblies i s  inserted a t  each refueling. 

I f ,  a t  the beginning of a new cycle 4m reload fuel assembl ies  a r e  loaded, 
then of these,  the number 4ml-a stay in-core f o r  N cycles a n d  the number 
4m2+a, s tay in-core fo r  ( N + l )  cycles. 

A cycle l a s t s  fo r  a prescribed period d u r i n g  which the reactor i s  assumed 
t o  r u n  a t  some prescribed fract ion of fu l l  power. D u r i n g  the cycle, a l l  
fuel assemblies a re  assumed t o  increase i n  b u r n u p  by the cycle average. 

The fuel t h a t  
enrichment El. 
assembl i e s  a re  
usually higher 

The quanti t i e s  
fo l l  ows : 

stays in-core fo r  N cycles, ("Short Fuel"), has  a charge 
O f  the fuel t h a t  s tays  in-core for  (Ntl) cycles, 'la'' fuel 
a t  enrichment E l  and the r e s t  a r e  a t  enrichment E*, which i s  
than El b u t  may be the same. 

defined above a re  related to  each other for  each cycle, as 

ml + m2 = m 

m 

m m 
m 2 -  0 N +  - - -  
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where N and  m2/m are ,  respectively, the integer p a r t  and the 
fractional p a r t  o f  mo/m. Thus N and m2 are  uniquely determined by m. 

2.  Each new fuel assembly contains, h ,  KgU. The cost of each fuel 
assembly i s  Q=U+C+S+F, and i s  calculated under the following 
assumptions : 

a .  \!raniurn i s  p a i d  for  a t  a time, 
The t o t a l  cost  i s  U .  

t l ,  years before in-core use. 

b. Conversion i s  p a i d  for a t  a time, t2, years before in-core use a t  
a t o t a l  cost  o f  C. The u r a n i u m  loss  i n  conversion i s ,  Lc. 

c. Enrichment i s  carried o u t  a t  a t a i l s  assay o f ,  E t ,  a n d  i s  p a i d  
for,  t3, years before in-core use. The total  cost i s ,  S. 

d .  Fabrication i s  p a i d  for,  t4,  years before in-core use a t  a t o t a l  
cost  o f  F. The u r a n i u m  loss i n  fabrication is ,  L f .  

e .  A waste disposal assessment o f ,  e i t he r  l$/PWhr(e) or  $250/kgU or  
a combination of the two i s  levied against power product ion .  

I t  i s  c lear  t h a t  the cost  of each batch will be QM. 

3. A continuous cost  treatment i s  used, including continuous discounting 
o f  a l l  costs t o  the begining o f  the year 1985. T h i s  i s  assumed t o  be 
when the i n i t i a l  core, ( the  new b a t c h )  i s  placed i n  service. 

4.  Each batch investment ( " r a t e  base") i s  depreciated i n  proportion to  
i t s  actual or nominal energy production d u r i n g  each cycle. The 
unrecovered investment earns money a t  the ra te ,  i ,  defined by 

i = i e  + i d  
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where 

i = $/yr p a i d  t o  e q u i t y  h o l d e r s  pe r  $ o f  r a t e  base e 

id = $/yr  p a i d  t o  bond h o l d e r s  per  $ o f  r a t e  base 

Dur ing  t h e  p e r i o d  before i t s  i n - c o r e  use any payments made t o  produce 

a fue l  b a t c h  a r e  added t o  t h e  r a t e  base and earn a t  t h e  r a t e ,  i. 

5. 

6. A t a x  a t  t h e  r a t e ,  r, i s  p a i d  on n e t  income. When a new f u e l  ba tch  i s  

p laced  i n  s e r v i c e  an i nves tmen t  t a x  c r e d i t  amounting t o  t h e  f r a c t i o n ,  

f, o f  t h e  i n i t i a l  investment  i s  taken. The a s s o c i a t e d  s p e c i a l  t a x  

d e p r e c i a t i o n  i s  used. T h i s  i s  d e f i n e d  by: 

Tax d e p r e c i a t i o n  o b t a i n e d  i n  year,  

n, a f t e r  s t a r t  o f  s e r v i c e  - - FC,. ( I n i t i a l  Investment) ,  

n = 1, 2, 3, 4 ,5 .  

where 
F = 1  f o r  f = 0.08 

= 0.95 f o r  f = 0.1 

c1 = 0.15 

c* = 0.22 

c3 = c4 = c5  = 0.21 

7. Normal ized accoun t ing  i s  used. The investment  t a x  c r e d i t  i s  removed 

f rom t h e  r a t e  base. A l so  removed i s  t h e  change i n  income t a x  p a i d  due 

t o  t h e  use o f  t h e  s p e c i a l  t a x  d e p r e c i a t i o n  i n s t e a d  o f  book 

d e p r e c i a t i o n  f o r  t a x  purposes. 

8. Two money r a t e s  w i l l  be used i n  a d d i t i o n  t o  those d e f i n e d  i n  paragraph 

4 and 5 above. The " c o s t  o f  work ing  c a p i t a l " ,  iw, i s  d e f i n e d  as t h e  

p r e - t a x  r a t e  which w i l l  y i e l d  t h e  d e s i r e d  r e t u r n ,  i, a f t e r  taxes:  

ie 
E. iw = id + 
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The “ tax -ad jus ted ”  c o s t  o f  money 

i = (1-r) id + a 

= (1-r) iw. 

s d e f  

ie, 

ned b y  

The tax -ad jus ted  c o s t  o f  money i s  f r e q u e n t l y  used as t h e  d i s c o u n t  r a t e  

i n  p resen t  wor th  analyses. I t  w i l l  be used here. 

B. General Relations 

L e t  

R ( t ) d t  = Revenue r e q u i r e d  f o r  a b a t c h  ove r  t h e  t ime  i n t e r v a l ,  d t ,  a t  

t i m e  t. 

I ( t )  = Unrecovered investment  f o r  t h e  ba tch  a t  t h a t  t ime. 

D ( t ) d t  = 

Do( t ) d t =  Book d e p r e c i a t i o n  

A ( t ) d t  = Tax d e p r e c i a t i o n  

T ( t ) d t  = Income t a x  p a i d  

W ( t ) d t  = b!aste d i s p o s a l  assessment 

Corresponding r e d u c t i o n  i n  r a t e  base 

6 ( t )  = The D i r a c  d e l t a  f u n c t i o n .  Th ,s  i s  i n t r o d u c e d  n o r d e r  t o  

s i m p l i f y  t h e  p resen ta t i on .  It i s  d e f i n e d  as a f u n c t i o n  

which vanishes f o r  a l l  va lues o f  t except f o r  t=O, where i t  

i s  i n f i n i t e  i n  such a way t h a t  J 6 ( t )  d t  = 1. 

Then 
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from the definition o f  D(t). This depreciation is equal to: 

the book depreciation = DJt); 

plus: the investment tax credit = fQMG(t); 

plus: the tax "savings" due to 
the use o f  the Special tax 
depreciation = r(A(t) -F Do(t)) 

less: the normalization payment 
made to recover the invest- 
ment tax credit for the 
rate payers = -f Do (t). 

D(t) = Do(t) + fQM6(t) + r(A(t) - FDo(t)) - f Do(t), 

D(t) = (1-f-rF) Do(t) + fQV6(t) + r A(t), (la) 

= - (1-f-rF)Do(t) - fQM6(t) - rA(t). JT 

Integrating this equation from t = o gives 

I(t) - I(o) = - (1-f-rF) J:Do(u)du - fQM - rJ:A(u)du. 

or since 

I(o) = QM 

I(t) = (1-f)QM - (l-f-rF)l:Do(u)du-rJo t A(u)du. 

The tax paid per unit time will be 

T(t) = r (R(t) - W(t) - idI(t) - A(t)) - fQM6(t), 
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where t a x  deductions "above the l ine"  have been taken for  the operating 
expense, W ( t ) ,  the  i n t e r e s t ,  p a i d  i d I ( t ) ,  t he  allowed depreciation, A ( t ) ,  
a n d  "below the l i ne"  f o r  the investment t a x  c r ed i t ,  fQMG(t). The revenue 
required i s  given by the expression 

Substituting ( 2 )  and  ( 3 )  in to  ( 4 )  a n d  simplifying leads t o  

1 -f-rF R ( t )  = (7). D o h )  + i w I ( t )  + W ( t ) .  

S u b s t i t u t i n g  equation ( 2 )  in to  equation ( 5 )  gives 

( 5 )  

1 -f-rF t t R ( t ) = (T) . Do ( t ) +W ( t ) t iw( (1 - f )QM- ( 1- f-r F ) l o D o  (u ) d u - r l o A (  u ) d u  I .  ( 6)  

Equation ( 6 )  i s  applicable to  any batch. 

The book depreciation may be written i n  the form 

where g l ( t )  i s  a normalized book depreciation function which vanishes for  
t<o a n d  f o r  t>(N+l)a a n d  fo r  which 

The tax depreciation may be written 
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Where i n  the special case t h a t  the investment t a x  c red i t  i s  taken, g 2 ( t )  i s  

a normalized function given by 

.15 o < t < l  

.21 2<t<5 
g 2 ( t ) =  .22  l < t < 2  

0 fo r  a l l  other values of t .  

If the investment t a x  c red i t  i s  n o t  taken and  the book depreciation i s  used 
for  the t a x  depreciation then g 2 ( t )  = g l ( t ) .  

U s i n g  the above representation fo r  Do and equation ( 6 )  may be written 

) QMgl (t  ) +W+i w{ ( 1- f ) Q M -  (1 - f-rF)QM (1 -G1 ( t  )-rFQM ( 1- G2 ( t  1 l - f - rF R ( t )  = (r 
where 

a n d  a similar def ini t ion applies for  G 2 ( t ) .  

G r o u p i n g  together the terms w i t h  QM as a mult ipl ier  gives 

where 

1 -f-rF 
l - r  Y =  
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C. Present  Worth o f  Revenue Requirements o f  a Batch Bas is  

A t  a d i scoun t  r a t e ,  j, t h e  present  wor th  o f  revenue requirements,  i n c l u d i n g  

t h e  work ing c a p i t a l  cos ts  p r i o r  t o  i n - c o r e  use w i l l  be 

Pb = Q ' M  t J: e - j t d t  (QMyH(t) + W(t ) ) ,  

pb = Q ' M  + QM J: e - j t  H ( t ) d t  + V ( j )  (18) 

a r e  t h e  present  wor th  o f  work ing c a p i t a l  cos ts  p r i o r  t o  i n - c o r e  use f o r  a 

f u e l  assembly, and t h e  present  wor th  o f  spent  fue l  d isposa l  assesment 

c o s t s  , respec t  i vel  y . 

The d iscounted  values o f  t h e  normal ized d e p r e c i a t i o n  f u n c t i o n s  a re  de f i ned  

by : 

L 2 ( j )  = e - j t g 2 ( t )  d t .  

I t  may be shown t h a t  

yJ> - j tH ( t )d t  = i w  (1-f) t y L l ( j )  ( l - i a )  - - r F  - i w  L 2 ( j )  
j j 

'-r J 

and hence t h e  express ion  f o r  Pb becomes: 
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E q u a t i o n  ( 2 0 )  i s  an  exp l i c i t  expression for  the present worth t o  the time 
o f  l o a d i n g  of  a l l  revenue requirements associated w i t h  the batch. 

Introducing the q u a n t i t y  Z ( j )  defined by, 

then 
( 1 - i a )  
j 

The dominant  cost  component i n  equation (20a) is  the middle term. 
term the f a c t o r  

In this 

represents the e f fec t ive  i n i t i a l  capital  investment i n  the new fuel 
charge. The other fac tor ,  

represents the combined e f f ec t s  of depreciation of the original invest- 
ment, return on the outstanding cap i t a l ,  and the associated income taxes. 
I t  i s  a remarkable f a c t  t h a t  i f  j = f a ,  then under normal circumstances, 

such as use of f u l l  t a x  benefits ,  the  quan t i ty  Z ( 3 )  w i l l  be a constant, 
independent of the fuel management de ta i l s .  

In t h i s  case the value of Pb will be largely determined by the i n i t i a l  cost  
o f t h e  fuel charged and there will be no dependence upon how long the fuel 
s tays  i n  the core. 
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I n  the event t h a t  income t a x  benefits a re  n o t  taken then 

a n d  the general ba t ch  equation reduces t o  

w i t h  

The q u a n t i t y  Z l ( j )  will vary more strongly w i t h  the depreciation schedule 
t h a n  does Z ( j ) .  T h i s  i s  largely due t o  the mult ipl ier  (1 - 2) instead o f  

(1 - 7) on L l ( j ) .  For most evaluations the discount ra te ,  j, will be i n  
the range 

3 i a  

i < j < i w  a -  

Thus the f a c t o r  m u l t i p l y i n g  L1 ( j )  will generally be positive i n  Z ( j )  and 
negative i n  Z1 ( j )  so t h a t  there will be opposite tendencies i n  the two 
cases a s  the fuel burnup i s  increased. 
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